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MODELS FOR THE KRAFT PULPING OF EUCALYPT, PII^E AND 

binary a^IP BLENDS 

A Thesis Siibmitted 

In Partial Fulfilment of the Requirements 
for the degree of 

DOCTOR OF PHILOSOPHY 
by 

MOHAMM/iD IDREES 
to the 

Department of Chemical Engineering 
Indian Institute of Technology# Kanpur 

March ^ 1982 
SYNOPSIS 

This study deals with the kraft pulping behaviour 
of. (a) plantation grov/n (8-10 years old) eucalypt (Eucalyptus 
tereticornis hybrid), (b) abnormal (twisted) chir pine 
chips (Pinus roxburgii var, longifolia), and (c) blends of 
eucalypt-pine chips. 

The major pulping variables considered includes 
chemical charge, temperature, sulfidity, time-to-maximum 
temperature, time-at-temperature, liquor- to-wood ratio and 
chip size. The dependent variables studied includes yield. 
Kappa number (pulp lignin ccntent), black liquor solids, 
and strength properties— tear index, burst index and tensile 
index. All the experiments were conducted with manually 
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screened handsorted mill cut chips in a 15 liter rotary digester 

using 2,5 kg (ovendry basis) chips per batch. 

The effects of time-to-temporature ( 6 O -120 rnin) and 

chip size were studied by simple factorial designs and the 

data analyzed using Yates’s algorithm. Strong interactions 

between time-to-temperature and temperature favoured a longer 

heating period and lovrer pulping temperature to improve the 

yield of screened pulp. Screen rejects was negligible for 

eucalypt pulp and v/as below 2 per cent for pine. Chip size 

is not a significant variable for pulping eucalypt (average 

thickness 2-6 mm) while a lower thickness (3-4 rnm) improved 

the yield of screened pine pulp, A constant temperature 

rise period (90 min) and screened chips with average thickness 

of 3-4 mm was selected for all the subsequent experiments. 

The main experimental design was selected to study the 

effect of the remaining five pulping variables, A second- 

order central composite rotatable design (Box and Hunter) 

requiring 32 experiments was used for eucalypt chips with - 

chemical charge (14-18 per cent active alkali as Na 20 ), 

temperature ( 155-175 ®C), sulfidity (15-27’ per cent), liquor- 

to— wood ratio (3,0 - 4,2) and time (30-90 min.). One half 

5 

replicate of a 2 factorial design with six replicate runs 
at central point conditions (22 experiments) was selected 
for pulping pine chips with — chemical charge ( 16-19 per o. 2 nt 
as Na 20 ), temperature ( 165-175 °C), sulfidity (20-30 per cent), 
liquor-to-wood ratio (3, 5-4,0) and time (60-100 min.). 
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Experimental data was correlated by second-order 
regression equations by response surface methodology using a 
digital computer (DEC system -1090), Regression asnalysis 
for both eucalypt and pine gave good correlation for yield. 

Kappa number, black liquor solids and active alkali consumption, 
Eucalypt pulp yield was most dependent upon chemical 
charge besides pulping temperature and time. The yield of 
pine pulp was dependent upon chemical charge, temperature 
and sulfidity, Eventhough sulfidity has no direct effect 
on eucalypt pulp yield, it showed strong interactions with 
time, temperature and liquor-to-wood ratio. Kappa number 
of both eucalypt and pine pulps is influenced by chemical 
charge, temperature and time; interactions of sulfidity with 
temperature and time are also significant. The contribution 
of the other pulping variables were relatively less for the 
two species. 

Beating characteristics show that both the pulp types 
must be beaten to 40° SR to develop the potential strength 
properties— tear, burst, tensile and folds, even though slight 
^ beating (20°SR) of pine pulps gave a maximum tearing resistance. 
Regression models for strength properties gave a satisfactory 
correlation coefficient (R^ = 0,7 — 0,8) for eucalypt and 
pine pulps except the tear index of the latter. 

The models developed were used to locate the optimum 
conditions for pulping eucalypt and pine by the 'Constrained 
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Rosenbrock method' and the estimates were confirmed 
experimentally. The models are gr^’ihically illustrated to 
depict the responses by univariate representation and two- 
dimensional contour plots. 

The final phase of this study considers pulping 
binary chip blends in a 3-compartment digester using a 
factorial design with - pine fraction (0.1, 0.3), chemical ' 
charge (16, 18 per cent as Na20) and temperature (165, 175°C), 
The data are correlated satisfactorily by a regression 
equation and showed good agreement with the estimates based 
on the models developed earlier for the component species. 

In this study statistical experimental designs have been 
successfully used to develop mathematical models for the kraft 
i:>ulping of eucalypt, pine and binary chip blends, Eucalypt 
pulping experiments cover jin adequate range of the pulping 
variables; the range selected for pine and chip blond experi- 
ments have a bias towards the range adopted for eucalypt, 
constituting over 70 per cent of the digester furnish. The 
models can be used to estimate the variations in pulp chara- 
cteristics caused by changes in the pulping variables over 
the experimental range of this study. 

Further work is reccmmended dealing with binary 
chip/pulp blends and beating characteristics to determine 
the optimxom proportions giving the desired strength properties. 



CHAPTER 1 


INTRODUCTION 

Softwoods consist of long fibers (average length 
3=5 rtra) suitable for making paper with good strength propertie 
The conventional softwood species like pine, fir, spruce, ecc, 
are located in relatively inaccesible areas in the Himalayan 
region and are not available at economical prices to the 
paper mills. Consequently bamboo has’ become the principal 
source of long fiber pulp for the paper industries in this 
country. In the past two decades efforts to conserve the 
available bamboo resources have established the use of 
increasing quantities of mixed hardwoods or plantation grown 
eucalypts (hardwood) to the extent of about 50 per cent of 
the digester furnish in many barriboo based paper mills. In 
some states like Uttar Pradesh, Karnataka, Tamilnadu, well 
developed eucalypt plantations supply regular pulpwood to 
the mills, in the past 10-15 years, plantation grown eucalypt 
(8=10 years old) have become an important pulping raw material 
Fast growing hybrid varieties of eucalypts are now used for 
making paper pulp (E, tereticornis, E. globulus) and rayon 
grade pulp (E. globulus, E. grandis) in the above states. 

The eucalypt pulp is used in admixtiore with bamboo or pine 
kraft pulp for obtaining the desired paper strength properties 



The hybrid species of eucalypts comprising of E. 
robusta and E, tereticornis (mainly E. tereticornis ) has 
been gradually introduced as a suitable fiber resource for 
paper making. Large scale plantations of E, tereticornis 
hybrid (Mysore gum) have been developed in Najibabady Kotdwatj. 
jawalapur, and Pathri divisions of Uttar Pradesh to supply 
pulpv;ood, Uttar Pradesh is devoid of bamboo resources and tl*a 
limited quantities of chir pine (Pinus roxburgii syn, longifolaa) , 
available as residuals of forest lumbering operations in 
adjoining regions is used to supply the long fiber pulp 
necessary to augument the strength characteristics of eucalypt 
pulp. The available pine wood consists mainly of abnormal 
portions of the tree like irregular shaped branches , stems 
and knots (termed as twisted chir pine). The chips from such 
diverse portions of the tree will have an abnormal chomcal 
composition^ fiber morphology and pulping behaviour compared 
to the chips from the normal pine pulpwood (stems). 

This investigation deals with the kraft pulping of 
chips from plantation grown eucalypt (E. tereticornis), 
abnormal (twisted) chir pine (P, roxburgii) and binary chip 
blends for Kappa number of 25-60 suitable for making wrapping 
papers , 

Eucalypt species native to Australia are now grown in 
several countries, Watson and Cohen (1969) have given a 
historical survey of the technical literature upto 1969 dealing 
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mainly witli the pulping characteristics of native eucalypt 
species and the efforts on utilisation of plantation grown 
eucalypts by various countries - India, Spain, Portugal, 

Morocco, Italy, Southern Africa, Southwestern U.S.A, and 
Brazil* The mature/overmature native mixed eucalypt species 
have a broad age distribution and contain a high concentration 
of polyphenolic extractives (kino veins) and cause unusual 
problems during pulping and chemical recovery operatic rs (bru.it 
1965; Phillips et al., 1967; Watson and Cohen, 1969; Kiggino, 

1970; Oye and Mizuno, 1972; Oye et al,, 1973), 

Introduction of plantation grown eucalypt as pulpwood 
for paper mills being of recent origin ^published information 
is meagre. Some preliminary investigations by Guha(1968/ 19 /3, 
1975), Poelkel, 1980, Hannah et 31/1977), and Franklin (1977) 
are reported in regard to the suitability of plantation 
grown eucalypts for wrapping and writing papers. In view of 
the pot ential promise for large scale utilisation of plantation 
grown eucalypts for paper making, a detailed study is initiatea 
to investigate the kraft pulping characteristics. The pulping- 
characteristics of young plantation grown eucalypts would be 
different compared to the native mature Australian eucalypts 
owing to -the differences in the physico-chemical characteriooic-'. 
The quality (strength proper-ties and residual lignin - Kappa 
number) and quantity (yield) of the eucalypt pulp produced are 
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governed by the following important variables of the kraft 
digester system: chemical charge/ pulping temperature/ 
sulfidity/ time of heating the digester to maximum temperature/ 
time of cooking at maximum temperature/ liquor-to^wood ratio 
and chip size. 

The nature of the heterogeneous kraft pulping reactions 
are quite complex for the development of a satisfactory 
theoretical/mechanistic model of the kraft pulping process. 
Consequently, empirical models are usually proposed for kraft 
pulping to enable a meaningful interpretation of the influence 
of the different variables and correlation of the observed 
data, A better understanding of the kraft system also would 
ultimately lead to satisfactory process control of digester 
operation • 

Statistical experimental designs are used to study the 
effects of different pulping variables. Simple factorial 
designs are adopted to study the effects of chip size (thickness 
and the time to raise the digester to the desired pulping 
temperature and to select suitable constant values for the 
subsequent experiments. The effects of the remaining five 
pulping variables are studied by a sequential experim.ental 
design consisting of fractional factorial design, replicate 
determinations at central point conditions and additional 
experiments at star points to form a second-border central 
composite rotatable design. The experimental data are used 



to develop satisfactory and reliable second'=order regression 
equations correlating the observed responses (yield. Kappa 
number, black liquor solids, burst index, tear index and 
tensile index) with the significant pulping variables. 

These models are used to predict optimum pulping conditions 
for eucalypt and checked experimentally. The models for 
eucalypt pulping are graphically represented to illustrate 
the effects of different variables about the central point 
conditions as well as by two-dimensional contour plots for 
the responses with chemical charge and temperature as the 
dominant variables. 

Similarly the kraft pulping characteristics of the 
abnormal pine chips are studied using simple factorial designs 
to determine the effects of the pulping variables and develop 
regression equations for pulp yield and Kappa number. The 
regression equations for pine are utilized for the prediction 
of the best pulping conditions and interpretation of the 
effects of the different variables similar to the methods 
adopted for eucalyptsw Proximate analysis of eucalypt and 
pine wood meal samples, pulp fiber dimensions and beating 
curves are used in the interpretation of some of the observed 
effects. 

Pine kraft pulp (softwood) would give superior tearing 
strength and folding endurance while eucalypt kraft pulp 
(hardwood) will give good formation and smooth surface to the 
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paper, A blend of eucalypt and pine pulps should give a 
paper of the desired strength properties incorporating the 
superior ^alities of both the softwood and hardwood pulps. 

The composite pulp of the desired strength properties can be 
obtained by (1) blending varying proportions of refined pine 
and eucalypt pulps^ (2) blending of separately beaten eucalyiot 
and pine pulps, or (3) pulping binary chip blends. This study 
includes a preliminary factorial experimental design in a 
3=compartment digester for the simultaneous pulping of pine, 
eucalypt and binary chip blends with chemical charge, tempera^* 
ture and pine fraction as the variables. The results for the 
three pulps are compared with the estimates based on the 
regression equations developed earlier for eucalypt and pine 
and the v/eighted average values for the blends from the 
estimates for the component pulps. Regression models are 
also obtained for the pulping of binary chip blends. 

An outline of the various chapters of this dissertation 
is given below: 

Chapter 2 presents a review of the nature of pulping 
reactions, influence of fiber morphology, effects of pulping 
variables, kinetics of delignification reactions and a summary 
of the empirical models proposed for kraft pulping of softwoods 
and hardwoods. 

Chapter 3 presents the methodology adopted for statisti^.a 
experimental designs to develop regression models for kraft 
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pulping to correlate pulp yield. Kappa number, and strength 
properties with the significant pulping variables. The 
methodology of multivariable constrained optimization (Complex 
method of Box and Constrained Rosenbrock method) is also 
outlined* 

Chapter 4 gives details of the experimental methods 
used for pulping, proximate analysis, fiber morphology and 
pulp properties. 

Chapter 5 presents the results and discussions of this 
investigation in three parts. 

Section 5.1 considers simple factorial designs and 
second-order central composite rotatable design to assess the 
influence of the major pulping variables to obtain satisfactory; 
regression m.odels. Those models are used for the determinatior 
of significant pulping variables, optimum pulping conditions 
and for the graphical representation of the response surfaces. 

Section 5,2 discusses the pulping behavioeir of pine 
using simple factorial experimental designs and regression 
analysis of experimental data to develop satisfactory models. 

Section 5,3 deals with regression models for the 
pulping of binary chip blends and estimates for composite 
pulps based on component pulp properties. 

A summary of the pulping characteristics of eucalypt, 
pine and chip blends is presented in Chapter 6 which also 
includes recommendations for further work dealing with the 


binary system. 



CH7.PTER 2 


PULPING VARIABLES AND MODELS FOR THE KR?VFr SYSTEM ~ K RSVISW 

2,1 Kraft Pulping Proosss; 

Wood is the preferred raw material for making pulp 
and paper. Liberation of the Constituent fibers of the wood 
chips is the primary objective of the pulping process. Wood 
is pulped mainly by the kraft process with sodiim hydroxide 
and sodim sulfide (white liquor) as the active pulping 
chemicals, Kraft pulping is suitable for several softwood 
and hardwood species and is economical with efficient recovery 
of pulxoing chemicals and energy from the spent liquor. 

Cellulose and hemicelluloses are the principal plant 
polysaccharides constituting upto 65-75 per cent of the wood 
material; the remainder consists mainly of lignin (25-35 per 
cent) and a small amount of extractives. The major chemical 
constituents of wood are all polymeric in nature. Cellulose 
is a linear polymer of ^—D— glucose with a large degree of 
polymerization (DP = 5000 - 10,000). Lignin is a three 
dimensional amorphous network polyner based on phenyl-propane 
monomers. Softwood lignins consist of guaiacyl prox^ane units 
as monomers while hardwood lignins are derived from varying 
proportions of guaiacyl-propane and syringyl-propanoid units, 
Hemicellulose is a linear hetero-polymer of glucose, mannose. 




xylose, galact.-,3e otc, and the degree of polymerization 
is low (DP 200). Cellulose alone is fibrous and consists 
of b'ith crystalline and amorphous regions. In a fiber, 
cellulose can be viewed as the structural element, hemi— 
celluloses as the matrix substance and lignin as the encrusting 
material. 

Figure 2,1 deiDicts the common gross structural aspects 
of the different layers of the fiber wall of a tyijical soft- 
wood tracheid and a hardwood fiber. The fiber has a thin 
primary wall (P) around the inner secondary wall made up of 
throe different layers — S^, S 2 and S^. The hollov/ interior 
of the fiber is lumen. The middle lamella surrcjunds the 
individual fibers and Consists .mainly of lignin. Figure 2.2, 

The cellulose polymer chains form the elementary fibrils 
which associate to give the fibrillar structure of varying 
orientation acrc^ss the different lamellae of the three 
socc.ndary wall layers. Cellulose (jccurs predcminantly in 
the S 2 layers. The maximum concentration of lignin occurs 
in the middle lamella and decreases sharply across the 
secondary wall layers towards the lumen. In addition to the 
fibers, hardwoods also have a large number of vessel elements — 
short, wide, thin walled cells of varying cross sections, 
developed in the grcjwing tree for sap) conduction. Vessels 
are absent in softwoods and pits consisting of thin perforated 
membranes interconnect the lumina o± the softwood tracheids. 
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a hardwood 
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It Is necessary to selectively remove the lignin 
substance from the compound middle lamella region to 
liberate the individual fibers. This can be accomplished by 
the chemical degradation of the polymeric lignin. Temierature 
and alkali concentrations used in commercial kraft pulping 
bleak down the macromolecular lignin to give simple alkali 
soluble polymeric fragments. The delignification reactions 
can pr.-^ress satisfactorily during kraft pulping with the 
uniform distribution C'f the pulping chemicals across the 
wood chix:)S, Pulping liquor initially reaches the reaction 
sites in the chip interior mainly by bulk penetration induced 
by caiDillary and hydrostatic forces. Subsequent reactions 
proceed with the diffusion of the pulping species through the 
moist chinos to the active sites. Swelling of the chips in 
alkaline medium facilitates penetration and diffusion of the 
pulping chemicals. 

During kraft pulping, wood chips are treated with 
white liquor at 16CU180°C for 2-4 hours and the yield of 
unbleached pulp is 45—54 cent, Kraft pulping is not 

selective for delignification reactions and the polysaccharide 
also undergo partial degradation during the digestion, Sooium 
sulfide in white liquor hydrolyzes to form sodium hydrosulfide 
The pulping reactions involve OH , S and SH ions and the 
wood constituents. The latter includes several functional 
groups/linkages in its constituent compounds. Lignin 



macromoleculo has alcchiylic and phenolic hydroxyls, airyl- 
aryl and alkyl-aryl ethers, benzyl-alcohol ethers, carbonyls, 
methoxyl, and several other characteristic linkages and 
reactive groux^s. The D-glucose units of cellulose are linked 
together by 1-4- ^ -glucosidic bonds* The anhydroglucose 
units of cellulose have x^rimary and secondary alcoholic 
hydroxyl groui^s. Cellulose x->olymer has a reducing end grouj,^ 
and a n'.^n- reducing and grouj) at the chain ends. Hemicellul-oses 
also have similar structural features and in additic-n have 
acetyl and uronic acid substituents. Thus the kraft system 
consists of a ccmplex wood substance and OH , S and SH ions 
in the white liqueur. All the reactions of wood Cv^jnstituents 
involve hydroxyl ions; the sulfide/hydrosulfide ions play a 
significant catalytic role in delignifi-cation reactions, 

( Demethyl ati on reactions of lignin by S or SH contribute 
to the odour i>roblem of kraft xiulp mills). 

Alkali in white liquor causes widespread cleavage 
of the ether bo'nds in the lignin macromolecule. Ary 1-g lycerol- 
aryl ether structure which occurs frequently in many native 
lignins are the most suscex'.tible to alkaline cleavage reactic'a"::. 
Phenolic -aryl ethers are also hydrolyzed by alkali. 

Cleavage of the aryl— ether bond increases the proportion -f 
free phenolic groups in the lignin fragments and this facili- 
tates further breakdown of the ether links of the airyl ethers, 
initially devoid of free phenolic hydroxyl groups. 


The 



nucLeox^hilic hydrosulficte ir>ns in white liquor catalyse the 
cleavage of the ether bcjncls in ’phenolic units and generate 
additi'. mal, free ]phenolic units for further fragmentation o'f 
lignin* It also reduces the c^^^ndensation reactions which 
Can occur in alkaline media forming stable carbon-carbon borrls, 
such as 5-5*, -cn’ and 5 - a’ linkages. Alkaline hydrolysis 
also breaks the lignin-carbohydrate bonds. Lignin reaction.'; 
consime about one-fourth of the total alkali consumption of 
a kraft cook. 

Degradation of carbohydrates in alkali occurs through 
peeling and stopping reactions and random hydrolytic cleavage 
of the glucosidic bonds. The reducing end groups of cellulose 
will be x^eeltid off one by one liberating is(;saccharinic acids. 
This peeling x^rocess continues until the formation of a 
stable metasaccharinic acid end unit in the chain by stox^ping 
reactitns. Random cleavage of glucosidic bonds shortens the 
chain length and x^r^ 'Vides additic'nal endgn.ux-'S for the x>e‘-ling 
process. Similar sequence of x-taeling, stux^x^ing and hydrolytic 
cleavage reacti(..ns would also take x'^lace with the hemicellu- 
lose components. Low molecular weight carbohydrates osx^ecially 
s<me hemicellulose comxA>nents will dissolve in alkali, Ab^.ut 
50-60 per cent of the alkali added is consumed in these 
reactions to form the sodium salts of the carbohydrate 
degradation prcjducts. 

Volatile extraneous ccmxxjnents like terijenes leave 
the system with the digester relief gases, Resin and fatty 



in white 3.iqurjr* Tannin 


acids are solixbilized as soai.-s 
like materials typical of eucalypts, are hydrolyzed with 
subsequent c^iidatifin and probable con'lensation with some of 
the organic ccjnstituents of the system. The kraft system thus 
consists of a complex set of simultaneous reactions and are 
not easily represented by stoichiometric expressions. 

Unbleached kraft pulp generally consists of 65-75 
per cent cellulose, 15—25 per cent hemicellulose and 5-10 per 
cent of ixjsidual lignin. The progress of the kraft puli:>ing 
reactions is reia resented by the residual lignin content of the 
pulp -pri,duced. Lignin content of the pulp is usually repo.rteci 
as Klason lignin - the residue obtained on hydrolyzing a pulp 
sample with 72 per cent H2S0^. However, for routine chemucal 
analysis an indirect estimate of jpulp lignin content is based 
on ijxidation v^ith potassium permanganate, Kapjpa number is 
determined by TAPPI standards pux-ceduro (T236 os-76) and 
is equal to the amrjunt (ml) of O.lN KMnO^ st^lution consxamed by 
one gram of m'Oisture free sample, Kappe number is widely 
adopted in both commercial practice and laboratory investi- 
gations as an index of the lignin content of the imlp. The 

m 

usual range of Kapu^a number is 35—65 and 25-35 for ^^ni 2 leach^uo 
and bleached grades of softwvvod p^aper pjulps; the corresponding 
range for hardwood p:>aper pjulpDS is 20-90 and 15-35 for un- 
bleached and bleached grades. 



Kraft pulp also contains a small amount of uncooked 
or unde fibe red wood chips and is separated by screening. 

The screening rejects are recycled for pulping and the 
screened pulp goes to bleaching and/or paper making, Kraft 
digester operating conditions are selected to give the 
maximxim screened pulp yield with the desired kappa number, 

2,2 Pulp Strength Properties : 

The paper web is formed as a uniform network of 
intermingled fibers by dewatering a dilute suspension of the 
pulp on a moving band of endless fine wiremesh screen. The 
residual water is removed in presses and dryers to give paper. 
Standardized test procedures give the strength properties of 
the pulp handsheets represented by bursting strength, tearing 
resistance,. tensile strength and folding endurance. These 
properties are influenced by fiber morphology, pulp type, and 
the degree of beating and irefining during stock preparation 
for paper making. Reduction in lignin content of the pulp 
improves flexibility of the fibers to increase the interfiber 
bonding strengths. Strength properties of the various pulp 
types increase in the order - mechanical, semichemical and 
chemical according to their reduced lignin content. The 
degree of delignification and hemicellulose retention are 
lairgely dependent upon active alkali charge, pulping tempera- 
ture and white liquor sulfidity. Retention of hemicellulose 
and reduced lignin content in the pulp also improve swelling 



and bonding ability of fibers. Degradation of cellulose 
during pulping lowers bursting and tensile strengths. 

Beating or refining of the pulp during stock preparation 
causes fibrillation of the fibers thereby facilitating 
increased fiber contacts to give improved interfiber bonding 
strength during the formation of the paper vjeb. 

The important morphological properties of fibers 
include - fiber length, diameter, length-^to—diameter ratio 
and cell wall thickness. The average dimensions of softwood 
and hardwood pulp fibers are given below. 

Dimension Softwood Hardwood 

length, mm 3-5 0,7 - 2 

diameter, p.m 20 - 40 10 - 30 

wall thickness, P-m 2-5 1-8 

The long fibers of softwood kraft pulps give superior 
tearing strength and folding endurance while the short fibers 
of hardwood kraft pulps give good fprmation and smooth surface 
to the paper. Both the softwood and hardwood pulps have 
Comparable bursting and tensile strengths. Fibers with thin 
walls collapse easily into flat ribbons during pulp stock 
preparation and paper making to give a better bonding to 
form dense sheets and Improve surface smoothness, wheaoaas 
fibers with thick cell walls give bulky sheets with on open 
porous structure. Conservation of the available fiber 
resources should be possible by an optimum blend of softwood 



and hardwood kraft pulps to give a paper of the desired 
strength properties incoi^po rating the superior qualities 
of both the long and short fiber pulps, 

2,3 Kraft Pulping Variables ; 

Pulping variables can be considered under two broad 
categories relating to the available fiber resource and 
digester operating conditions. The former includes wood 
species influencing chemical composition and fiber raoarphology/ 
age, wood density and other geographical grov/th factors. The 
important digester output variables are yield, screening 
rejects, residual lignin content (Kapi:>a number) and strength 
properties of the pulp. Digester ox^^Jrating variables 
include - chemical charge, sulfidity (white liquor), temperature, 
heating period to the desired temperature, pulping time, 
liquor— to— woexi ratio and chip size. 

Published literature pertaining to the study of the 
effects of various factors that influence the kraft pulping 
process are summarized in several reviews and monogr^hs 
(wilder and Daleski, 1964; Rydholm, 1965; Kleppe, 1970), 

These investigations deal in general with the effect of 
various factors on yield. Kappa number, and the other pulp 
properties of several softwoods and some hardwoods of 
temperate zones* The temperate zone softwoods have higher 
lignin content compared to the hardw<.<ods. The lignin content 
of tropical hardwoods is corajjarable to the temps rate zone 


softwoods; the mecromolecular structure of native lignin 
of these species also wcjuld vary due to differences in the 
phenyl-propan. jid ijrecursors of lignin biosynthesis. Adoption 
of the pulping conditions reconmended f<ir temperate zone w 'Oiis 
may not give the desired pulp quality using tropical hardwo:'jds. 
Differences in chemical composition and distribution of the 
cell wall constituents would require modified pulping conditi_i': 
to get equivalent pulp properties. However, fo^r a given woo. 
species, the pulping variables may be expected to have similar 
influences on yield. Kappa number and other properties of 
the pulp, A summary of the general range of puljjing variables 
for commercial batch Kraft digester operation is given in 
Table 2.1, 

All the oiB rating variables of the kraft digestion 
X>roaess have a strong influence on pulp qaality and properties. 
The latter are also influenced by significant interaction 
among the x^ulping variables. Nevertheless, pulping results 
are observed to show the fcjllowing general trends of the 
effects of the different variables. 

1, An increase, in chemical charge accelerates 
delignification reactions to reduce Kappa 
number and yield of the 

2, Digester heating pori^jd is selected to 
provide sufficient time for the uniform 
impregnation ..jf the chips with white liquor; 
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TABLE 2.1: GENERAL RANGE OF BATCH KRAFT DIGESTER 
VARIABLES 


INPUT VARIABLES 
(% 3iS N3l2®^ 


Variable 


Chemical charge 

Temperature , ° C 

Sulfidity# % 

Liquor s wood 

Time-to- temperature , 

Time-at- tempe rat ure / 

Chip size, mm 
length 
width 
thickness 

Kappa number 
Pulp yield 
Strength properties 


m.in 

min 


O UTPUT V?'.RIABIjSS 

Softwoods 


Range 


12 - 

20 

160 - 

180 

10 - 

40 

3:1 - 

6j1 

60 - 

120 

60 - 

180 

15 - 

25 

10 - 

15 

2 - 

5 

15 - 

100 

45 - 

55 


Hardwoods 

3-8 
5-12 
45 - 115 
30 - 600 


Burst index, (kPa m /g) 6 

2 

Tear index, (mN m /g) 6 

Tensile index, (N m/g) 50 

Double folds 200 


12 

25 

160 

3000 



It depends mainly upon the thickness and 
density v)f the chii:)S, 

3* Pulping ternx^eraturo and time have a reci~ 
procal relationshii> - a higher temi^erature 
requiring reduced pulping time and vice 
versa. Time-tempo rat ure interacti< -ns cumu- 
latively representing the digester schedule 
are represented by tha H- fact or, based on 
relative rates of delignification, A rise in 
temperature c^r pulx^ing time decreases both 
pulp yield and Kappa ntiraber, 

4, An increase in sulfidity of white liquor 
accelerates delignification reactions to 
give a lower Ka^^pa number pulx:)# decreases 
screen re jo cts, and impre^ves the strength 
Ijroperties. 

5, The concent rat i(.in of the active pulxoing 
chemicals depends ui)on the liquors wood ratio; 
selection of the latter dejpends uxoon the 
digester heating arrangement (ipon steam or 
external heat exchanger) and heat load to the 
black liquor evaporation plant besides proper 
chip Impregnation, 

6, The critical chip dimension is the thickness of the 
chips, controlling the rate of diffusion of 0H",SH'“ 



and S ions for the replenishment of the 
reactants in the chip interior for uniform 
digestion, 

A model for th€j kraft digester should adequately 
represent the ab-jve trends of the effects of the different 
variables and also include the interacti..)n effects among 
the pulping variables, 

2,4 Kinetics of Delignlficatirin Reactions^ 

A fundamental study of the kinetics of alkaline 
pulping reactions was first done by Larocque and Maass (1941), 
Since then several invostigati..>ns of the rate ^f delignifi- 
catio/n 3:eacti(;ns have been reported for extractive-free wood 
meal and wood shavings (1-2 mm) of S'^ftwood si:)ecies (Enkvist 
et al,, 1957; Gierer et al,# 1964; Kulkarni and N^dan# 1955; 
Kleinert, 1966; Caroll^ I960; Wilder and Daleski, 1964; 

Lemon and Teder, 1973; Edvrards et al,, 1974; Kerr, 1970), 
Wilder and Daleski have reviewed the literature on kraft 
pulx^ing kinetics. The complexity of the kraft system was 
discussed earlier (section 2*1), The kraft digestion xarocess 
is essentially a heterogenevjus solid-liquid reaction system 
invr.)lving mass transfer and chemical reactions. The overall 
reaction rate is determined by the following x^hysico- chemical 
steps in the process s 

1, Diffusion of active pulping chemicals (0H“, SH” 
and S~) from white liquor int^ chix'js. 
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• Adsurxjtion of activo pulx^ing species 
on reaction site in chip interior. 

3(a). Delignif ication reactions - breakdown of 
the lignin polymer, 

(b). Carbohydrate degradation reactions - 

peeling, hydrolytic cleavage and sbjpiang 
reactif>ns, 

4, Desori'jtion and dissolution 'jf rcactic)n 
prcxlucts as sodium salts of polymeric 
lignin anc'l degraded ^polysaccharide Consti- 
tuents, and 

5. Diffusion ..)f the dissolved wood substances 
intc) the spent liquor. 

The influence cf diffusicnal resistances to mass 
transfer can be reduced by using wood meals or thin wood 
shavings and constant liquor cemyoosition (Large liquor-to- 
wood ratio). With the above con'litions the behaviour of the 
system is approximately described by a pseudohomogeneous 
model for the bulk delignification i^hase representing the 
removal of about 75 per cent of the total lignin. 

Equations (2,1) and (2,2) represent the two probable 
kinetic rate exyoressions for delignification reactions based 
on the findings of various investigators. 


** HE ^ V ^2 ^ [s ] ^ 


( 2 . 1 ) 



24 


6L 

dt 


= kj L 




( 2 . 2 ) 


where - rate constant f jr delignificatlon associated 

with hydroxide 

K 2 - rate constant for delignificaticjn associated 
with sulfide 

k^ - rate constant for delignification associated 
with b.)th hydroxide and sulfide 


L - residual lignin in the pulp 
[OHI . [Sl - concentrations of hydrcxide and sulfide in 
white liquor, 

- concentration of effective alkali in white 
liqu' >r 

n - exponent of sulfide concentration (n=o,4— 0,7) 
Equations (2,1) and (2,2) have given satisfactory 
fit of the exi^jerimental data for softwood species such as 
i^ine, spruce, and western hemlock, Ec^uaticn (2^1) represents 
the additive effect of delignification caused by hydroxide 
and the catalytic role of the sulfide ifjn. Since S~ or SH*” 
ion plays only a catalytic role in delic^nifi cation and is 
not Consumed during x:)ulj:)ing reacti(.ns, eqiation(2,2) based 
on the use of effective alkali concentration also rej)resents 
bulk delignification kinetics. Mass transfer effects would 
play a significant role in commercial x'>’-ilx>ing processes and 
equations describing bulk delignification alone would be 



inarlequato* The various kirS 2 tic studies als.j do not 
consider the kinetics of polysaccharide degradation 
reactions, responsible for the consximption of more than 
half of the alkali adflod to the digester. Even though 
delignificaticn kinetic studies have lead to an understanding 
of the rate of the overall pulping .process, a detailed 
mechanistic study shi uld include the contributi. ns of all the 
five major physicochemical steps listed earlier. Inspito 
of these limitati ns equation (-2,2) has been adopted recentl., 
to develop process contrc)! strategies for ctjmmercial batch 
kraft digester operation based on measurement of effective 
alkali concent rati<jns and H-f actor to obtain the desired 
pulp K^pa nxjmber (Chari, 1973; Wallin and Noreus, 1973; 
wells et al,, 1975; Kerr, 1976). 

Models fc.r Kraft Pulping; 

The complexity i. f kraft system and the lack of 
satisfactory mechanistic kinetic models has necessitated the 
development of empirical models to correlate pulp prox:>ertics 
with digester variables. These models represent the overall 
kraft pulping process and are satisfactory for the selection 
of pulping conditi' ns necessary to achieve the desired inlii 
qualities. 

The emx')irical models give the functional relationship^ 
between the observed respoonses (pulp pr-pertios) and process 
(digester) variables and can bo used for determining the 



0]ptimum pulx:)ing conditions within the Gxx>erimontal region. 

Such rexjrci sent at ions are also useful for process control, 

A sxnmary of erni^irical kraft pulling models is given 
in Table 2,2, Among the earlier invostigatic'ns on this topic, 
Hatton et al,(1972) have proi>jsod simple linear model relating 
pulp yield to permanganate n-umbor or Kappa number for soft- 
wood species [model l]. The values of the constants in tho 
mocfcl deixand ui:>on wood species and the range of ijuli^ing 
oonditicins, Luzina (1966) has correlated expjorimental i^ulp 
yield data with active alkali, temi^eratuioj and time [model 2i , 
Hatton et al, (1972, 1973) have correlated kraft i^ulp yield 
of western hemlock and trembling asi^en with effective alkali 
and H-“facto,r [mc/dels 3 and 4'j, a Finnish mill has obtained 
a sec'-.nd order regression equation [s] relating Kaxqja number 
with active alkali and H-factor, Hatt.-.n (1972) alsu has 
correlated yield to effective alkali and H-factor by a seco'nd 
order equation including linear and interacti jn terms [ 6] , 

Hinrichs (1967) develop)ed a cubic regression equation 
assuming no interaction terms, relating the six indepx 2 ndent 
variables - effective alkali, p;erceht sulfide, temperature, 
liquor— to— wood ratio, cooking time and chip length to de^jondent 
output variables for the xoulx^ing of Douglas fir chips [7], 
Later models are based mostly on regression ax>prjaches, in 
which digester output res^xinses have been correlated with 
the digester input variables by a general second order model. 



table 2.2s OF S^^?IRICAL MODELS FOR 

KRJaFT pulping 


CO 

-P 


UO CO 

^ tH 

n 


c: 

I s 

n 

0) 

fO 

’.0 ‘X) 

4-> 

e 

4J 

CM rH 

CO 

0) 

CO 


}>--• 

p 

d 

• 

0 

u 

0 

0 

a 

CP 

u 

a 

(N 

n 



Xi 

V 



% 

0 

5 


H 

0 

tH 

fU r 

cQ 

CP 


1:4 X 


CO H 

in ‘H 

rr* ^ 


X “>-« n 

X -Q 




.-)!0 

X !'-> 


4J 0) 

4-i C 

O -H 

W 0. 


CM rM 

“ rH 

-f 

X 

X 


CM 

CM 

X 



•H 




x:i 



t 

II 

II 

!I 

I! 

II 

4-> 


X 

>H 

N 


rHim 

'w' 









r*>. 







c-* 







vO 

T? 




K** 


XI C\ 

0 

CO 



0 


CO rH 

Q 

rd 



0 

c 

-H 

15 

rH 


XI 

rH 

C) 

d 

4J 

9 c, 

0) O (3) CD 

P 

cr 


5h Cl 

MH 


c c d c 

d Sh 

CO 

CO 

0 •t^ 'H 

0 

0 

•H -H -H ‘H 

-H ‘H 

n; 


Pm e 

LO 

pH4 

p4 pLj p 

p4Xi 


0\ (Ti ^ 
vO rH ^ 
•-'1> 
rH • CTl 



« 

0) 

-•’*** 


vO 

^ rH rH Q 

’4:5 

rH 

di CO 

o 

CM 

a\ 

rH (d -P 

\D 

fd 

r- 

l> 

S> 

rH 

Jd • 0 

0\ 


T5 CT\ 

(J\ 

CPi 


P rH p 

rH 

4J 

d rH 

rH 

rH 




OJ 

fd w 



CO 

0 


CD 

d 

u 

i>i 

fTj -J) L 

d 


0 

-H 

Q 

'-■ 3 

•H 

PU 

p 

U 

rH 

u G x: 

H 

CD 

p 

d 

•H 

^ 5i R 

H 

rH 

fd 

-rH 

fd 

(13 x: G 

d 

X 

•H 

l-M 

di 

p 

o o s 

& 



Model Author (s) Species Model Equation 


1 

i 





J CO 

CO 




1 TI 

TJ 




' 0 

0 




Q 



S-i 

CO 


uo § 


0 


4-» 

cn T5 

CD 

M-i 

u 

<+4 

» U 

* 


(0 

0 

tH ft3 

O 

vO 

£ 

CO 

x: 


l> 


■w' 

8 

1 

cr\ 

CC 




00 


lO 


I> 

8 


CO 

t> 

« 

in 


• 

• 

o 

CO 


o 

O 


CO 




II 

iH 


II 

II 


II 




CN3 

r* 



a 

q:: 

rQ 




T5 


CN 


✓™s. 

--V 







.y*— V 

C 









- H 







-• H 


a 






X 










«* ^ 




(y\ 

✓-V 


s 

il 


, ^ 


a 

d: 








■Vw' 





! 


X 

0^ 

cn 




rd 



0 

0 

0 

i— ^ 

C 

1 

c 


tH 

H 

H 


✓-v 

1 


1 

Nw/- 

— ^ 

's-x 

CO 


' H 


H 

H 

t — 1 

CSJ 

0 

H 

1 c 

X 

c 

4:^ 


-9 

H 




1 

3 

8 


■W 





0 



H 


X 


X 

.Q 

rQ 


5 


I 


! 


n 

u 

o 

>H 


II 

u 

0 

Ck 




u 

0 


fl 


A 

11 

u 

o 

0 . 


\ 




CO 

CO 

Ti T3 





V 

0 0 




0 

0 

0 0 




2 

0 

& ?: 






4J ^ 

r 

r 


a-» 

V 

M-l M 




CM 

M 

0 C5 




0 

d 

to x: 




to 

E 



C 






0 






CO 

CP 





to 

G 





1 — \ 

0) 



v 


u 



CD 



d 

<y 


I> 

4»^ 


X 

5-1 ^ 


a\ 

00 

vO 


0 00 


H 

i> 

C^ 


E I> 

00 

— ■ 

CTi 

a\ 

x> 

Ch 

r- 

• 

H 

H 

H r- 

H 

cr\ 

H 

%_✓ 

N->> 

a^ 


H 

d 



CO H 

to 



G 

G 

c --- 

TI 


-P 

0 

0 

H 

U 

H 

0) 

-P 

4J 

N 

d 

G 


4J 

-P 

T5 

!5 

d 

c 

(U 

d 

0 

T5 

JG 

•H 

E 

E 

E 

pa 

u 



0 

:s 




o 



tH 


« • • 

eg 00 ^ 

1-4 iH tH 


28 



29 


One of the chief advantages of this model is that very 
satisfactory ccirrelations can be developed from statistically 
designed experimental designs, Bailey et al, (1969) have 
correlated yield. Kappa number and strength x^tcjx^rties date, 
by model [s] using a seco-nd— •.■)rder central composite rotatable 
exjjerimental design x^ith 5 variables. The rne/del was also 
adoxjted for mill batch digester trials and it was shown that 
66-87 per cent of the variati^jns are accounted for by the 
model (McKibbins et al,, 1970), Models of the form [s] have 
also been used by Garceau et al, (1974); Chen et al, (1974), 
and Mathur and Peterson (1978) for correlating lab. oratory 
puliping data. 

The linear regression mo-Iel involving five or six 
pulping variables, model [8] , although very useful and 
satisfactory, needs a large number of parameters tcj be esti- 
mated, Simpler models are obtained by the use of H-factor, 
which expresses the combined effect of three xjulx>ing 
variables - heating periejd, temx>erature and pulxbng time, 
Wallin and Norous (1973) have obtained a model correlating 
effective alkali, H-factor, and Kappa number and develoiped a 
process control system to obtain pulps of desired K^jpa number 
based on measurement of effective alkali con cent rati^.n [9]» 

Hatton (1973, 1976) has correlated yield, xj>ermanganato 
number and Kappa number data for the pulping of softwoods and 
hardwoods with H-factor and effective alkali [.model 10] ; the 
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value of the exponent n was essentially constant (n = 0,35 - 
0,41) for softwoods (Alpine fir/ Balsam fir, Douglas fir, 
western hemlock, jack pine and red cedar) and varied (n = 0.76 
1,35) for hardwoods (beech, hard maple, red alder, yellow 
birch and trembling aspen). Later, Hatton (1976) has reported 
a slight improvement in the model by the inclusion of a 
quadratic term in the above model [ll ], Lodzinski and 
Karlsson (1976) have correlated H-f actor and effective alkali 
with the reciprocal of yield or Kappa number [l2]. 

Non-linear models [l3, 14 ] have also been proposed 
involving chemical charge (active alkali), H-f actor and 
liquor- to- wood ratio, Edwards and Norberg (1973) obtained 
good coaorelation of these variables with the product of yield 
and Kappa number [13], The model proposed by Chari (1973) 
also correlated these three varicibles v/ith permanganate 
number [ 14 ], This model was implemented for the computer 
control of mill batch digester to improve pulp yield and 
uniformity, Lin et al, (1978) have developed a similar 
model [l4] for the prediction of Kappa number of several 
hardwood kraft pulps and the specific constant (b^) varied 
with the species (b^ = 1835 - 3976 for seven hardwood species). 
Several of the above models have been developed for 
routine pulp mill control operating at a constant sulfidity 
and liquor :wood ratio levels and consequently these are 
not included as variables in the model. They are directly 
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useful for the control of yield (uniformity), permanganate 
number/Kappa nxamber for the particular species and are 
applicable for the range of pulping conditions used in 
developing the models. The general second— order model [ 8'] 
takes into account all the important pulping variables and 
can be used to represent most of the digester responses V7ith 
satisfactory correlation and is used in this study. 
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METHODOLOGY FOR MODEL DEVELOPI''eNr OPTIMIZATION 

h process model is the mathematical representation 
of the actual process. Rigorous model of a chemical process 
requires a knowledge of the principal governing mechanisms 
and a precise estimation of the model parameters, a theore- 
tical/mechanistic model Can be developed easily for a simple 
process from physico-chemical principles of the related 
transport phencmena occurring in the process. Hov.’ever, the 
mechanians underlying the overall pulping process are complex 
though plausible reaction mechanisms and kinetic models have 
been proposed for delignification and carbohydrate degradation 
reactions based on studies with model compounds and isolated 
constituents of wood. Empirical models are usually proposed 
for kraft pulping to enable a meaningful interpretation of 
the observed effects. An empirical model represents the 
functional relationship between the observed response and the 
range of process variables considered, 

A comprehensive empirical model can be developed by 
considering all the independent variables (factors) over the 
range of interest using appropriate statistical expcrimf;ntal 
designs; such an approach will be satisfactory for systems 
of knot'm behaviour. Alternatively# a sequential model building 
approach will be suitable for an entirely new process or for 
a system with less a ‘priori information. The model will be 
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developed Iteratively to assess the relative contributions 
of the factors to the observed response based on the results 
of simple exploratory experimental designs of selected 
variables. Such an approach will also facilitate location 
of the desired range of the experimental variables. The 
final model will incorporate the effects of all the pertinent 
variables. The above procedures based on experimental designs 
require fewer experiments and are superior to the conventional 
trial and error techniques or methods based on the study of 
the influence of a single variable at selected fixed conditicjns 
for the other variables'. Response surface methodis have been 
developed based on sequential model building approach to 
(1) represent the functional interrelationship betvTeen the 
input variables of the system and one or more of the observed 
responses, (2) to select operating conditions to give the 
desired rosponse(s), (3) to locate the optimum operating 
conditions, and (4) to gr^hically represent the effects of 
the different input variables about the optimum opjerating 
conditions as well as by two-dimensional contour plots for 
the response with two most important pulping variables, 

3,1 Experimental Deslgns t 

Several experimental designs are available for selecting 
the appropriate range of experimental conditions and to deter- 
mine the nature of response surface. The number of experiments 
and the design pattern selected will depend upon the functional 



relationship between the ro^onse and the various input 
variables, a simple linear relationship between the 
response (y) and a single variable (x) will require only 
two sets of data for representatic>n. With two or more 
variables factorial experimental designs are more suitable 
for response surface studies. In a factorial experiment the 
effects of a selected number of independent variables are 
investigated simultaneously using specific combinations of 
the factors at 2 or 3 (usually) levels for each variable* 

A factorial design for k variables at 1^/ l 2 #....l^ levels of 
each variable will require 1^ x 1^ x ..... x 1^^ number of 
experiments; the selection (^f the factors at two levels is 
adequate in most instances to determine the main and inter- 
action effects besides reducing the nmber of experirrents 
at each stage of sequential experimentation. Additional 
experiments can be added to the factorial design to form 
composite designs for a detailed study. With four or more 
independent variables, fracti<jnal factorial and composite 

designs reduce the number of experiments. A three level 

k 

factorial design (3 ) can account for quadratic effect of the 
factors and require a larec number of experiments; the desired 
quadratic effect can also be obtained with a central composite 
design augumenting the two- level (fractional) factorial 
design. 

The following experimental designs are adopted in this 
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investigation dealing with pulping of eucalypt, pine and 
binary (eucalypt + pine) chip blends: 

(a) 2-level 2-factor designs (4 experiments), 

(b) 2- level 3-factor designs (8 experiments), 

(c) 3x2 (2-factor) design (6 experiments), 

(d) fractional factorial design for five factors (16 
experiments), and 

(e) central composite rotatable design for five factors 
( 32 experiments ) . 

The sequence of experimentation using the above designs 
for studying the kraft pulping behaviour of eucalypt and pine 
chips is discussed next. 

Designs for Pulping Experiments ; 

Process variables of the kraft system include chemical 
charge (active alkali), sulfidity, time-to-maximum cooking 
temperature, maximum cooking temperature, time of cooling at 
maximum temperature, liquor— to-wood ratio and chip size. 

The proportion of pine and eucalypt chips will be an additional 
variable for the experiments using binary chip blends, A 

comprehensive two-level factorial design for the kraft system 

7 

would i:equire 128 (2 ) experiments and can be reduced by 
deci:easing the number of variables* The heating period 
required to raise the digester contents to pulping temperature 
is an important puli>ing variable interacting with pulping 
temperature and govern the uniform impregnation of the chips 
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with pulping liquor to ensure low screening rejects in 
the pulp. The effect of these two variables on screened 
pulp yield can be studied using a 2- level 2-f actor design and 
a constant heating period with minimvim screening rejects 
selected for all the subsequent experiments. Commercial pulp 
production uses mill run chips with a fairly v:ide size 
distribution since the mill screening system separates only 
the large/oversize fraction. It would be desirable to study 
the influence of chip size (thickness) on pulping behaviour 
using simple experimental designs and fractionated chips. 

The dominant chip size fraction can be used for alluthe 
pulping experiments. The selection of a constant heating 

V 

perivod and the dominant chip size would .result in five kraft 

5 

pulping variables requiring only 32 (2 ) experiments for a 
two-level factorial design and 16 experiments for a half 
replicate fractional factorial design. Both the above designs 
Can be made rotatable designs by additional (2k) experiments 
at the star points to ensure that the estimated response has 
a constant variance at all points equidistant from the center 
of the design. The coded value of the variable for star 
points ( a ) is given by (2^'^'^) for a full factorial design 
and (2^^“^^‘^'^) for a half rep^licate of fractional factorial 
design. The further addition of 6 replicate experiments at 
the central point conditions will give an estimate of the 
experimental error and the complete design is termed as 
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central - composite rotatable design. The representation 
of independent variables of a 2-levGl factorial design is 
facilitated by adopting the following general code, equation 
(3,1), to give a value of +1 and -1 corresponding to the 
upper and lovjer levels of the coded variables. 


X, 


^i 


^io 




(3,1) 


where 


^i 


X. - 


x:,. 

xo 


V. - 


coded value of the ith variable (factor), 
actual value of the ith variable 

actual value of the ith variable at central point 
half the range of ith variable. 


Combinations of the selected variables represented by 
their c<.;)ded values form the design matrix for the experiments, 

A summary of the various experimental designs used in this 
study for the pulping of eucalypt, pine and binary chiiD blends 
is given in Table 3,1, Typical design matrices for a 2-level 
-3f actor, (2^ factorial), 3x2 factorial and central-composite 
rotatable experimental designs are given in Tables 3.2, 3,3 
and 3.4 respectively. Figure 3,1 is a geometrical represen- 
tation of a 2-level 3-factor experimental design in a 3-dimen- 
sional space. 


3,3 Analysis of Experimental Data ; 

Data obtained from the factorial experimental designs 
can be used to estimate the main effects of the factors on 
the observed response and also the degree of interaction amongst 
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TABLE 3.1s EXPERIMENTAL DESIGN SELECTED FOR THE KRAF*a 
PULPING OF EUCALYPT, PINE AND BINARY CHIP 
BLENDS 


S.NO. 

► Pulping variables 

No. of vari 

ables 

(factors) 

Design • 

No. of ex-' 
perimcnts 


A. ; 

EUCALYPT 




ED-1 

Tempe r at ure ( X 2 ) 
Time-to-ternpe nature (x^ ) 

2 

factorial 

(2-level) 


4 

ED- 2 

Chemical charge(x-) 

Chip size (x^) ^ 

2 

factorial 

(3x2) 


6 

ED- 3 

Chemical charge (x^ ) 
Temperature (x^ ) 
Sulfidity (X 2 ) 
Liquor-to-wood ratio (x. 
Time (Xg ) 

5 

) 

a, Fractional 
factorial 

b. Second order 
central compo- 
site rotatable 
design 

16 

32 


B. 

PINE 




ED-4 

Chemical charge (x. ) 
Temperature (X 2 ) 

Time (Xg ) 

3 

factorial 
( 2-level) 


8 

ED- 5 

Temperature (x ) 
Time-to-tempe nature (x^ ) 

2 

factorial 
(2- level) 


4 

ED-6 

Chemical charge (x ) • 
Temperature (^2 ) 

Chip size (Xg ) 

3 

factorial 
( 2- level) 


8 

ED-7 

Chemical charge (x-) 
Tempe nature ( x^ ) 
Sulfidity 

Liquor-to-wood ratio (x^ 
Time (Xg) 

5 

) 

Jjreplicate of 
a 2- level frac- 22 
tional factorial 
design and six 
replicates 


C. BINARY CHIP 

BLEIOS 



ED-8 

Chemical charge (x.) 
Tempe ratu re ( Xg ) 

Pine, fraction fxg) 

3 

factorial 
(2- level) 


8 
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TABIiE 3,2 i 

DESIGN M?.TR3X 

2^ FACTORIAL DESIGN 



Run 

No. 


Design matrix 
variables 


Treatment 

Combination 

A 

B 

C 

1 

-1 

-1 

-1 

1 

2 

+1 

-1 

-1 

a 

3 

-1 

+1 

-1 

b 

4 

+1 

+1 

-1 

ab 

5 

-1 

~1 

+1 

c 

6 

-t-i 

-1 

+1 

ac 

7 

-1- 

+1 

'>‘1 

be 

8 

+1 

+1 

+1 

abc 


% 





Pine - exploratory experiments 
h - Chemical charge 
B - Temperature 
C - Time 


TABLE 3.3s DESIGN MATRIX 


3x2 FACTORIAL DESIGN 


Run 

No. 

Design matr.ix 
Variables 

A 

(x^) 

B 

(Xg) 

1 

-1 

-1 

2 

0 

-1 

3 

+1 

-1 

4 

-1 

+1 

5 

0 

+1 

6 

+1 

+1 


In the experiments dealing with the influence of chip thicknes 
(eucalypt) the variables correspond to: 


A - Chemical charge 
B - Chip thickness 
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Run 

No. 


1 

2 

3 

4 

5 

6 

7 

8 
9 

10 

11 


12 


13 

14 

15 


T?.BLE 3,4; DESIGN MJiTRIX 

Central Ccmposita Second-Order Rotatable Design 
(5 Independent Variables) 


Chemical 

charge 

(AA) 

Temperature 

(T) 

Sulfidity 

(s) 

Liquor-to- 
V7ood x'atio 
(D) 

Time 

(t) 


X2 

^3 

^4 

^5 

A. Factorial Design 




-1 

-1 

-1 

-1 

+1 

+1 

-1 

-1 

-1 

-1 

-1 

+1 

-1 

-1 

-1 

+1 


-1 

-1 

+1 

-1 

-1 

+1 

-1 

-1 

+1 

-1 

+1 

-1 

+1 

-1 

+1 

+1 

-1 

+1 

+1 

+1 

+ 1 

-1 

-1 

-1 

-1 

-1 

+1 

-1 

+1 

-1 

-1 

+1 

+1 

—1 

+1 

-1 

+1 

+1 

+1 

+1 

-1 

+1 

-1 

-1 

-1 

+ 1 

+1 

4*1 

+1 

-1 

+1 

+1 

-1 

-1 

+1 

+1 

+1 

-1 

+1 

+1 

+1 

4-1 

+1 


16 
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Table 3,4 (contd) 


Run 

No. 

^1 

^2 

^3 

^4 

^5 

17 

B. 

-2 

Star Points 

0 

O 

0 

0 

18 

4*2 

0 

0 

0 

0 

19 

0 

-2 

0 

0 

0 

20 

0 

+2 

0 

0 

0 

21 

0 

0 

-2 

0 

0 

22 

0 

0 

+2 

0 

0 

23 

0 

0 

0 

-2 

0 

24 

0 

0 

0 

+2 

0 

25 

0 

0 

0 

0 

-2 

26 

0 

0 

0 

0 

4»2 

27 

n 

m 

0 

Central Points 

0 

0 

0 

0 

28 

0 

0 

0 

0 

0 

29 

0 

0 

0 

0 

0 

30 

0 

0 

0 

0 

0 

31 

0 

0 

0 

0 

0 

32 

0 

0 

0 

0 

0 


Tempcroturc ( B) 
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the fact( 2 rs. The main effect of a variable measuires the 
average effect of a change from the low to the high level 
of that factc;r over all conditions of the other variables. 

The interaction effect is observed to be the difference 
between the average effects of the two factors concerned* 

For a simple two-level three factor design represented by a 
cube, the main effects may be considered as a contrast 
between observations on parallel faces while the interaction 
depicts the contrast between results on two diagonal planes. 

The main and interaction effects can be determined from first 
principles o.r alternatively by short-cut methcxls using a 
table of contrast coefficients or rapidly by the Yates's 
algorithm (Bo;c et al,, 1978), 

Experimental data from the factorial designs can 
also be used to develop mathematical models of the pulping 
process by resp.nse surface rrethods* A general response 
surface for the pulping process can be represented by equation 
(3.2). 

yi = f (x^^, ^ 

where k and N represent total nxmber of variables and experi- 
ments respectively. 

The response function in general will have linear, 
interaction and secon'1 order terms of the independent variables 
together with the unknown coefficients or parameters to be 
determined from experimental data. These coefficients are 
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estimaterl by regression analysis by the least squares 
method. The s\jin of squaares of the difference between the 
actual and predicted values of the response represented by 
the objective function S in equativjn (3,3), is minimized 
to fit the data to the propo'sed response relati^^nship. An 
ideal fit will correspond to S = O (Appendix I). 

N 

s = ^ (yj_ - yj)^ (3.3) 

i=l 

where y^/yj^ — experimental and predicted values of the 
response respectively 
N - total number of experiments. 

The adequacy of the model proi.iosed is determined by calculating 
the multiple correlation coefficient (r^ defined as the ratio 
of variation accounted by the model to the total variation. 
Since all the measurements are s^abject to experimental error, 
the estimated coefficients may not be the true coefficients 
and will have an error variance associated with it. The error 
variance of the overall model and the experimental error 
variance (determined from the replicate experiments) give the 
F- ratio which should be less than the tabulated values of 
F-ratio at specified degrees of freedom for the model to be 
adequate, VJhen the error variance associated with each of 
the estimated coefficients is within the confidence limit of 
the experimental error variance determined by students ‘f test 
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then the coefficients and the associated variables are 
considered significant and the remaining terms are deleted. 

In the subsequent iterative stages of response surface 
fitting all the statistically significant terns are retained 
to get the final model. (A detailed procedure of the above 
analysis is presented in Appendix I), 

3,4 Optimization Methods ; 

The regression models can be used to locate the 
optimum pulping conditions necessary to give pulp of desi rod 
qualities (specifications). The problem of optimization of 
the response is relatively easy in the absence of constraints. 

In such cases the model relating input parameters to the out- 
put response is differentiated with respect to each in turn 
and is set equal to zero. The resulting set of simultaneous 
algebraic equations are solved to obtain the opjtimnm value 
of X that maximizes y. Various optimization techniques are 
available for use on computer (Beveridge and Schechter, 1970), 

However/ when the function to be optimized is constrained 
by other functions and/or boundary conditions (linear or 
non— linear) / the problem of optimization becomes more involved. 
Sequential search techniques are employed in solving such 
problems numerically. The principle of sequential search 
methods consists of the following basic steps: 

1, A set of feasible values of the independent 
variables which satisfy any 3 :estriction is 
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selected as the initial base point, 

2, The objective function is evaluated at 
this base point, 

3, A second feasible location is selected 
(by any appropriate method) , 

4, The objective function is evaluated at this 
location, 

5, The value of the objective function at 
this location is compared with that at the 
base point, 

6, If the second point is better, this point 

is taken as the new base point and the search 
is continued. If the initial base point was 
better, the search is continued in an alter- 
native direction. 

The different search techniques vary only in step 3, 
These techniques tary according to the method used to determine 
the direction anrl distance of the next search from the base 
point. Numerical optimization under inequality constraints 
is a more general type of optimization problem, A number of 
methods are being developed tc; solve such constrained problems. 
All such methods are best suited to specific class of problems. 
In multivariable constrained problems, the methods differ only 
in the way in vdaich they find the feasible point and feasible 
direction (A feasible point is one that satisfies all the 
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constraints). The methods are divided into two broad 
classes - gradient and non-graflient, 'Constrained Rosenbrock 
Method* is a gradient method and ’Complex Method o£ Box' is 
a non-gradient rrethvjd (Rosenbrock, I960; Box, 1965), Constrained 
Rosenbrock Method is the most efficient of all the methcxls 
available (Box, 1965), The ccmputer programms of these two 
methods used in this study are given in Appendix IX, (Kuester 
and Mize, 1973), 

Initial feasible points were selected to be the 
central point pulping conditions. The central point (or base 
level) conditions are normally selected to be the combination 
of factors (variable levels) corresponding to the best conditions 
determined by the snalysis of 'a priori' infi..>rmation. Both 
of the above methods were used and constrained Rosenbrock 
method was found superior to the Complex Method cjf Box for 
the optimization of the pulping process. Experiments were 
conducted to verify the optimum pulijing conditions predicted 
by Constrained Rosenbrock Method for the desired specifications 
of pulp properties. 



CH?iPTER 4 


EXPERIMENTAL METHODS 


'^*1 Wood Chips ; 

A common lot of eucalypt chips (1000 kg) was 
collected (Batch 1) from the mill chipper house and screened 
manually in the laboratory. About one quarter of the 
sample was collected in the fraction passing through 25 mm 
and retained on 16 mm (square mesh) screens having an average- 
thickness of 4,4 mm knots, defective/irregular chips and 
chips above 6 mm thickness were removed by hand sorting 
and discarded. These chips were stored in polythene bags 
and used for the experiments dealing with the influence of 
time— to- temperature (E~l to E-4, E-IR, E-4R) and the main 
experiments of second-order central composite rotatable 
design (E-21 to E-52), Another lot of 150 kg of chips was 
collected (Batch 2) to get the two fractions (-18 +12 and 
-12 +6 mm with average thicknesses 3,5 and 2,5 mm respectively) 
required for the experiments dealing with the influence of 
chip thickness (E-11 to E-16), One more lot of 80 kg (Batch 4) 
was screened and -18 +12 mm fraction used for the binary 
chip blend experiments (E/P/EP-1 to 8), Mill irun chips were 
also used (E-61, E-62) after removing irregular shaped chips 
hindering digester filling, 

A similar procedure was adopted to obtain pine 
chips in the desired ranges (-25 +18, -18+12 and -(12+6 mm 
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TABLE 

4.2: COMPOSITION OF 

TYPICAL MILL 

WHITE 

LIQUOR 

Compound 


Conce n t rat ion. 

- -3 

leg m __ 


as chemical 


as Na 20 

MaOH 


84.0 


65.1 

N a^i S 


o 

« 


8.1 

Na 2 C 03 

Total alkali 

27,2 

3S).l 

15.9 


Active alkali 


73.3 



Effective alkali 


69.1 



Causticization efficiency, % 

80.4 



Activity, % 


82.2 



Causticity, % 


89.0 



Siilf idity , /•o 


11.0 
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discontinued and the digester pressure was relieved in 60 
min. to normal atmospheric pressure. The digester temperature 
decreased to 140°C in 20-25 min, in all the experiments. 
Subsequently the digester was opened and black liquor was 
separated by draining and a sam^sle preserved for analysis. 

The pulp was transferred to a rectangular tray provided v/ith 
200 mesh screen and was simultaneously washed and disinte- 
grated manually with continuous supply of water through a 
hose connection. Dewatered pulp was used for beating and 
handsheet preparation, and a small aliquot sample used for 
moisture determination. 

Pulps from all the experiments with eucalypt contained 
veiry little rejects and did not require a separate screening 
operation. Experiments (E-37, E-39 and E-1) conducted at 
lower level of chemical charge, temperature and, time-to- 
temperature resulted in pulps containing probably upto 2,0 per 
cent rejects as estimated from the weight of the uncooked 
chips/hard pulx^s clusters in the air dry pulp. These pieces 
probably would not contribute to screen rejects with a mechanical 
di St integrator. Experimental x>rocedure for the pulx:)ing of 
eucalypt and pine chips were identical. Pulp from pine chips 
contained a small amount of uncoc^ked chips and hard pulxj 
clusters as rejects and wore removed by hand sorting and 
oven dried to determine screened yield of pulp. 





The acljustabie ' compi rtments in the digester were 
obtained by two perforated (2 mra holes) stainless steel plates 
(diam - 19,5 mm) sliding along a central stainless steel pipe 
(diem - 1,9 cm, length 45 cm) enclosing the digester thermostat 
probe at the bottom and extending to the top of the digester. 
The two plates were secured at the desired positions to the 
central pijie by i^oirt stainless steel sleeves at the center 
with provision for fixing by screws. 

The required amount of pine chi^js (0,15 - 0,45 Kg o.fl.) 
was added first and the first plate fixed in position. 

Eucalypt chips (1,0 - 1,35 kg o,d,) was then added and the 

f 

second plate secured tight. Blended chips (1,0 - 1,25 kg o,d,) 
were placed on the toji compartment. Pulping was conducted 
as described earlier. At the conclusion (.>f the co k, the 
three pulps were collected separately, x-rashod and dewatered.. 

The pulps were treated sep'arately for determinatijn of yield 
and hand sheet preparation, 

4,3 Analysis : 

4.3,1 Woc^d Meal Preparation ; Six billots (140 cm long, 1-20 cm 
diam,) of debarked eucalypt wood x-rere collected (April, 1977) 
randomly fmom the wcjod yard and cut abong the length on the 
saw mill radially /tangentially to form slabs and subsequently 
cut to form rods and finally cubes ( 3—4 cm, ) , The saw dust 
was collected, air dried and screened on a vibrating sieve 
shaker tcj isolate <-36+60 mesh fraction (Sample A). Another 



collection of ten billets (125 cm long, 5-15 cm diam. ) was 
also subjected to the same treatment to obtain -36+60 and 
-60 mesh wood meval fractions (Sample B), 

Extractive-free wood meal was prepared by the follo^^ 7 ing 
sequence of treatmentss (1) o.5 per cent NaOH at 98°C and 
bath ratio of 50:1 fear r)nG hour with subsequent washing by 
hcjt water, (2) extracti^jn with acetone in a soxhlet apparatus, 

(3) a?epeated treatment (thrice) with boiling water for one 
hr, (4) air drying and storage. 

A random collection (r^pril, 1978) of nine logs of 
debarked pine wood of varying dimensions (30-140 cm long, 

5-40 cm diam.) was obtained from the wo^^d yard (These lugs 
Consisted of stems and branches of all kind of irregular 
shapes). Pine wc(.:d meal (-36+60 mesh fraction) was obtained 
by a similar method, Extractive-f iree pine wvood meal was 
obtained by the following treatments (Tax^pi standard T12 as-75) : 
Extraction with (a) ethanol-benzene (6 hr), (b) ethanol (one 
hr) and (c) repeated treatments with boiling water (one hr) 
and air drying and storage, 

4,3,2 Proximate Analysis : Solubility of the original eucalyiJt 
woe id meal was determined using the following solvents: water 
(cold, hut), methanol, ethanol, acetcyne and NaOH (0,5, 1,0 per 
cent). Pine wood meal was analyzed for its solubility in 
water (cold, hot), methanol, ethanol-benzene and 1 per cent 
NaOH, Klason lignin content of both original (only for eucalypt) 



and extractive-free wood meal preparations was determined 
by treatment with 72 per cent H 2 S 0 ^ at 20° C with subsequent 
dilution and hydrolysis, Holocellulose prepared by repeated 
treatment (4 times for eucalypt and 6 times for pine) with 
acidified sodium chlorite was used to determine oc -cellulose 
from solubility in 17.5 per cent NaOH solution at 20°C, 

Pentosan was detejmiined by treating w>.Mjd meal with 12 per cent 
HCl to liberate furfuraldehyde and latter precipitated with 
ph Lo rog lucino 1 , 

^•3,3 Pulp Anal y si s z The lignin content of pulps was deter- 
mined as permanganate number (K,no,) and Kapp^a number using 
40 and 100 ml of 0,lN KMnO^ at 30 + 3°C by Tajppi procedures, 

^•3*4 Pulp Fiber Jinalysis s h sample of air dried pulp (5 g) 
was dispersed in water by mild agitation with a laboratory 
stirrer, diluted to a low consistency stained with methylene 
blue and transferred to micrciscope slides, With eucalypt 
pulp, 10 slides were prepared each containing 25-30 fibers. 
Length and diameter of the individual fibers as well as the 
diameter of the vessel segments were measured at a magnification 
of 150 with an optical microscope. 

The inter- twined pine pulp fibers on the slides were 
separated manually (using needles) to prepare 20 slides 
containing 10-12 fibers each for observaticm. Length, diariietor, 
wall thickness and lumen diameter were measured at a magnifi- 


cation of 150 



and extractive— free wood meal preparations was determined 
by treatment with 72 per cent at 20°C with subsequent 

dilution and hydrolysis, Holocellulose prepared by repeated 
treatment (4 times for eucalypt and 6 times for i>ine) with 
acidified sodium .chlorite was used tc; determine ct -cellulose 
from solubility in 17.5 per cent NaOH solution at 20°C, 

Pentosan was determined by treating wood meal with 12 per cent 
HCl to liberate furfuraldehydo and latter precipitated with 
phloroglucinol , 

4*3,3 Pulp Analysis ; The lignin content of pulps was deter- 
mined as permanganate number (K,no,) and Kappa number using 
40 and 100 ml of 0,lN KMno^ at 30 + 3°C by Tappi procedures, 

4.3,4 Pulp Fiber /inalysis ; A sample of air dried pulx:) (5 g) 
was dispersed in water by mild agitation with a laboratory 
stirrer, diluted to a low consistency stained with methylene 
blue and transferired to microscope slides. With eucalypt 
pulp, 10 slides were prepared each containing 25-30 fibers. 
Length and diameter of the individual fibers as well as the 
diameter of the vessel segments were measured at a magnification 
of 150 with an optical microscope. 

The inter-twined pine pulp fibers on the slides were 
separated manually (using needles) to prepare 20 slides 
containing 10-12 fibers each for observatic-.n. Length, diameter, 
wall thickness and lumen diameter were measured at a magnifi- 


cation of 150, 



Black Liquor : The conosntration of dissolved solids 
in black liquor sample (10~12 ml) v/as determined by drying 
to Constant weight in an oven at 105 + 1°C, The concen- 
tration of residual active alkali vras determined by potentio»* 
metric titration with o.lN HCl after eliminating the inter- 
fering constituents (lignin and sodixam carbonate) by precipi^ 
tation with 10 per cent BaCl 2 . 

Handsheet Preparation s 

Pulp from each cook was beaten in a leboratory Valley 
boater (21 liter) at a consistency of 1,6 + 0,02 per cent 
to a final freeness level of 40"SR. Handsheets of 60 + 1 
basis weight were made in a laboratory sheet maker. Sheets 
were dewatered with blotting papers by pressing under a couch 
plate using a couch roll. The sheet was lifted from the wire 
plate of sheet maker and the blotting paper v;ith the handsheet 
on it placed on the base of the standard press and subsequent! 
covered with a drying plate. About 20 sheets were prepared 
in this manner, and the cover plate of the press was subse- 
quently placed on the stack of sheets and bolted. The sheets 

2 

were pressed at 50 psi (345 kN/m ) for 5 min. The stack was 
removed froa the press and each plate having a handsheet 
was fitted into drying rings for air drying of hand sheets. 

Air dried sheets were removed from the plates and preserved 
in polythene bags till they were tested. 



In three coripartment pulping experiments (E/p/EP- 
series), only eucalypt (E) and chip blend pulps (EP) were 
beaten to prepare handsheets as the pine pulp (P) was 
not sufficient for beating. 

4.4.1 Strength Properties ? Pulp hand sheets were conditioned 
at 26 + 1°C and relative humidity of 70 + 5 per cent (for 
all eucalypt pulp hand sheets), pine hand sheets were 
conditioned at 27 + 1°C and relative humidity of 75 + 5 per 
cent (p-31 to P-52), 80 per cent (P-ll to P-14) and 82+2 
per cent (P-21 to P-28). Pulp sheets from three-compartment 
pulping were conditioned at 75 + 5 per cent RH. Conditioned 
hand -sheets wore used for determination of burst index, tear 
index, tensile index, stretch and folding endurance. The 
average of six observations are reported. 



CHAPTER 5 


RESULTS MJD DISCUSSIONS 


Kraft pulping behaviour of plantation grown eucalypt 
and abnormal pine chips are evaluated in this investigation* 
Plantation grown eucalypt species^ popularly known as Mysore 
gum (hybrid of Eucalyptus tereticornis ) is a tropical hard- 
wood grown in Najibabad# Kotdwar, Jawalapur, and Pathri 
divisions of Uttar Pradesh, It is received by the pulp mill 
as debarked logs (age = 8-10 years, length = 2m, diameter = 
10—20 cm). Mill man chips were observed to be norraally 
regular and relatively free of knots and defects. The proximate 
chemical composition of eucalypt wood meal is given in Table 5,1 
(details are given in Appendix II), The lignin and a-cellulose 
content are higher compared to temperate zone hardwoods (lignins 
30 vs 22 per cent; oc -cellulose; 5 o vs 43 per cent). The 
pentosan content of eucalypt wood meal is determined to be 
17 per cent. Optical measurements using well cooked unbeaten 
kraft pulp samples gave the following average fiber dimensions! 
length -0,63 mm (s.d, = 0,27 mm), diameter - 0.0089 mm (s.d, — 
0.003 mm), and length/diameter ratio - 70. The fiber length 
and diameter are rather small compared to the normal range 
for hardwoods (length: 0.7 - 1,5 mm, diameters 0.015 - 0.025 mm) 

and may be attributed to the age of this species. The average 

—3 

density of eucalypt chips was determined to be 0.66 gem. 





TABLE 5,1; PROXIMATE ANALYSIS OF EUCALYPT WOOD 
f^EAL SZuMPLES 


Constituents (o,d, basis) 
per cent 

Sample a^ 
— i04>60 
mesh 

Sample B® 
-36+60 -60 

mesh mesh 

Guha^ 

Wood meal 





1, Solubilities; 





Water (cold) 

- 

5.12 

2,91 

1.8 

Water (hot) 

4.63 

5.79 

5.16 

13.8 

Ethanol 

5.12 

3.12 

3*62 

1.11^ 

Methanol 

6 • 24 

3.92 

4,43 


1.0 % NaOH 

- 

12.50 

18.33 

16.4 

' 0.5 % NaOH^ 

13,27 

10.08 

16.30 


^ c 

Zvcetone 

3.57 

3.17 

2.07 


Total extractives'^ 

l6 . 36 

12.93 

18.03 


2, Klason lignin 

33.50 

35.93 

39,05 


Extractive free wood meal 





Klason lignin 

23,65 

26.59 

20,70 

(28.3) 


(28.52)® 

(30.54) 

(25.25) 


Ho loce 1 lulo se 

58.84 

61.07 

61.08 

(71.0) 


(70.76) 

(70.15) 

(74.52) 


oc —cellulose 

41.39 

42.72 

42,50 

(41.7) 


(49.76) 

(51.85) 

(49.07) 


pentosans 

13.68 

14 ^74 

13,09 

(15.8) 


(16.45) 

(16^90) 

(15.97) 


Cross 6: Be van cellulose 


*- 


(53.4) 


Samples A and D collected in April r976 and April 1978 


re spe cti ve ly . 

b Extraction conditions; 0.5%, NaOH, 95-98°C, one hour, D=50?c, 
c Extraction c£ alkali treated wood meal, 
d Extraction seqi-ience g 0,5%, NaOH, acejtone and water 
e Niombers in p.-arenthesis are based on extractive free wood 
meal 

f Reference; Guha (1969) Mainly 10 years old E.tereticomis 

g Alcohol bfinzeno solubility 

Standard deviations; Klason lignin (0,59) 

Holocellulose (1,29) 



The pine (pinus roxburgii syn. longifolia) used in 
this work is locally known as twisted chir pine and was 
obtained from Haldwani, Tehri and Uttar Kashi in Uttar Pradesh, 
Dharampur (H.p.) and Hoshiarptir (Punjab), Pine wood (age = 

70-90 years) available for pulping consisted mainly of abnormal 
portions of the tree (except stem) left as residuals of 
forest limbering operations as irregular shaped branches, 
stems and knots with vaarying chemical composition and 
distribution of lignin and hemicellulose across the primary 
and secondary wall layers of the fiber and the middle lamella. 
The proximate analysis of a composite pine wood meal sample 
given in Table 5,2, showed - lignin = 33,1 per cent, a— cellu- 
lose = 46,4 per cent and pentosans = 9.4 per cent. The lignin 
content is somewhat higher than the normal temperate zone 
pines (average - 29 per cent). Fiber analysis of the unbeaten 
kraft pulp sanplcs has shown the following average dimensions s 
length — 5,0 mm (s.d, = 1,3 mm), diameter - 0,046 mm (s,d, = 
0,014 mm), length/diameter ratio — 110, wall thickness - 
12,63 lim (s.d, = 2,47 ^m) and Ixmen diameter - 19,81 p.m 
(s.d, = 5,41 p-m) , The average density of pine chips was 
determined to be 0.56 ganT^ The average fiber length and 
fiber wall thickness are higher than the average values 
reported for softwoods (average length = 3,5 mm, wall thicknocs 
3-5 ilm). 

Consequently the pine chips used in this study are 
heterogeneous in character with an abnormal morphology and 



TABLE 5.2; PROXTiCATE PslJALYSlS OF PINE WOOD MEAL SAMPLES 


Constituents, (o.d, basis) 
per cent 

Pinus 

roxburghii^ 

Pinus ^ 
khasya^ 

North Ameri- 
can Scandi- 
navian pine 
( range )^ 

Wood meal 




Ash 

— 

1.70 

0.2 - 0,4 

Water (cold) 

1.73 

«- 

2.2 - 3.3 

Water (hot) 

5.65 

- 

1.8 - 4.S 

Methanol 

5.71 

- 

- 

Ethanol-benzene 

6.08 

3.44 

2.6 - 8,3 

1% NaOH q 

14.65 

12.70 

9.9 -19.1 

Ethyl other 

- 

- 

2.0 - 6.8 

Total extractives^ 

11.74 

- 

- 

Id 

Extractive free wood meal 




Klason lignin 

29.22 

30,05 

25 - 29 


(33.10)^ 



Holocellulose 

58.72 

58.40 

68 - 72 


(66.53) 



-cellulose 

40.92 

38.80 

44 - 48 


(46.36) 



pentosans 

8,28 

10.34 

7.1 - 10,0 


( 9.39) 




a Samples collected in April 1978, Wood meal size: -36+60 mesh 
b Extraction sequence; Alcohol-benzene, alcohol and water 

(Tappi standard T12 os-75) 

c Numbers in parenthesis are based on extractive free wood meal 
d Reference: Bhaumic and Ghosh (1975) 
e Reference: Rydholm (1965); MacDonald (1969). 

Standard deviations; Lignin ^.071); Holocellulose (0.633) 


chemical composition compared to the temperate zone pine 
species. Such features would necessitate modified pulping 
Conditions such as chemical charge, temperature, and sulfidity 
and also affect the pulp properties ccxapared to normal pine 
chips. 

Thus the wood chips used in this work are obtained 
from (a) reasonably \miform plantation grown oucalypt pulpwood, 
and (b) abnormal, mature, heterogeneous forest residuals of 
pinewood. Chip samples were obtained from the chipper line 
feeding the outside storage piles. Manually screened and 
hand sorted chips were used for all the experiments of this 
investigation. Experiments were conducted to obtain \anbleached 
pulps (eucalypt or pine) with Kappa number of 25-60 suitable 
for making wrapping papers. The de\?elopment of strength 
characteristics of unbleached eucalypt and pine kraft pulps 
were determined for the freeness range of IS-SO^SR and it 
was observed that both the pulp types must be beaten to 40*SR 
to develop the potential strength properties ^ tear, burst, 
tensile and folds (Appendix III), 

The results of this investigation are presented and 
discussed in three sections (5,1, 5,2 and 5,3) dealing with 
the pulping of eucalypt , pulping of pine, and pulping 
characteristics of binary ( eucalypt-pino ) chip blends as 


outlined below, 



Section 5»1 : Pulping of Eucalypt 

Kraft pulping behaviour of eucalypt chips was 
studied using three sets of experimental designs* 

Set 1 ; Influence of time-to-temperature and temperature- 
on pulp yield and Kappa n-umber (2-level 
factorial design, 4 experiments, Expt. Nos, 

E-1 to E-6), 

Set 2 ; Effect of chip thickness and chemical charge 
on pulp yield and Kappa nxomber (3x2 factorial 
design, 6 experiraents, Expt, Nos, E-11 to E-16)* 
Set 3 ; Influence of chemical charge, temperature, 
sulfidity, liquor-to-wood ratio and pulping 
time on pulp yield and quality (fractional 
factorial design, 16 experiments, Expt* Nos, 

E-21 to E-36) and ( secon J-order central composite 
rotatable design, 32 experiments, E-21 to E-52), 
Regression equations were developed with the results 
of above experiments with five independent variables (set 3), 
These regression models are used to (1) optimize the response 
function to obtain optimal pulping conditions to achieve the 
desired pulp yield and quality, (2) graphically depict the 
effect of each pulping variable on the observed responses 
while the remaining four variables were held constant at the 
optimum conditions, and (3) to obtain contour sxurfaces 
depicting the combined response of the tv;o important variables 





chemical charge and temperature on yield and pr-aperties as 
a two-dimensional ct^ntour plot. The estimated optimum pulping 
conditions were confirmed experimentally. 

section 5.2 ; Pulping of pine : 

Kraft pulping of pine chips was also studied in a 
similar manner with four sets of experimental designs. 

Set 1 ; Exploratory experiments to determine the 

influence of chemical charge, temperature and 
time (2- level factorial design, 8 experiments, 

Expt. Nos. P-1 to P-8). 

Set 2 : Influence of time-to- temperature and temperature 
(2-level factorial design, 4 experiments, 

Expt.Nos. P-11 to p-14). 

Set 3 : Influence of chip thickness, chemical charge 
and temperature (2-level factorial design, 8 
experime nt s , Expt . No s , P-2 1 toP-2 8 ) • 

Set 4 ; Influence of chemical charge, temperature, 
sulfidity, liquor-to-wocd ratio and time on 
pulp yield and quality (half replicate of a 2^ 
factorial design plus six replicate runs at the 
central point conditions, 22 experiments, 

P-31 to P-52), 

Regression equations were developed with the results 
of the above experiments (set 4). These regression models 
were used to determine optimum pulping conditions, to graphically 



represent the effect of each pulping variable, and to 
obtain contour plots (2-dimensional) for the combined 
response of two, imx^ortant pulping variables, similar to the 
methods adopted for eucalypts. Experiments were conducted 
at the estimated optimum pulping conditions to check the 
Validity of the models. 

Section 5,3 ; Pulping of Binary Chip Blends ; 

The ratio of pine/eucalypts becomes an additional 
variable to be included in evaluating the pulping behaviour 
of binary chip blends* Models developed for the pulping of 
eucalypt and pine (sections 5,1 and 5,2) are utilized to 
estimate the properties of the conponents of mixed pulps from 
pulping of binary dnips. The properties of composite pulps 
from chip blends are dete mined as the weighted average value 
of the component pulp proiperties. These estimates are 
Compared with the results from a modified laboratory digester* 

A 3-compartment digester was used to enable simultaneous 
pulping of eucalypst, pine and eucalypt-pine chips at constant 
Conditions in three sections separated by perforated partitions 
to permit uniform liquor distribution. The influence of pine 
fraction (10-30 per cent ), chemical charge and temperature 
were studied using a 2-level factorial design (8 experiments, 
E/p/EP-1 to 8). 



5.1 KRAFT PULPING OF EUCALYPT 


5,1,1 Effect of Time— t.o~Temperat.\ire ; 

Time-to- temperature represents the heating period 
to raise the digester contents to the desired pulping 
temperature. Ifeating period is an important pulping variable 
and is interrelated to temperature in determining the uniforraity 
of pulping. The temperature rise pjeriod for commercial batch 
digesters is 60-150 minutes; shorter durations are adequate 
for continuous digesters with poretreatment of chipjs by steaining 
and liquor impirognation. 

The^ effect of time- to- temperature (60, 120 min.) and 
tomp)orature 0 - 60 , 170°c) was studied using a simple factorial 
design and the pjulp'jing conditions are given in Table 5,3, 

The experimental results shown in Table 5,3 are analyzed by 
Yates's algorithm to determine the main effects and interactions 
of the two variables, (A sampDle calculation for the screened 
pulp yield is given in AppDendix v). 

Table 5.3 also summarizes the results of Yates's 
algorithm calculations. The estimates of the effects show that 
time-to— temple rature and pulping temperature significantly 
influence screened yield while tempjerature has a dominant 
effect on Kappa number. An increase in time— to— temperature 
as well as pulping temperature significantly reduces screen 
rejects. The interaction effect of the two variables is also 
observed to have a significant effect on pulp yield. An increa.s 



TABLE 5.3; KRJiFT PULP IMG OF EUCALYPTS; EFFECT OF TIME-TO- 
TEMPERTvTURE Aid TEFIPERATURE 

A, Pulping Conditions 


Variables 

Symbol 

Range/Level 
—1 +1 

Time-to- temperature, min. 


60 

120 

Temperature , ° C 

^2 

160 

170 


Constaiit Pulping Conditions 


^1 

Chemical charge (% AJi as Na^O) 

16 

^3 

Sulfidity, % 

21 

X 4 

Liquor-to-wood ratio 

. 3,6 

^5 

Pulping time, min. 

60 

^6 

Chip size, mm 

16-25 


Thickness, mm 

4.4 


Standard deviation 

1.2 

Coding of variables 


X 2 = 

(X 2 - 165)/5.0 = (-1), (+1) 


If 

(X^ - 90 )/30.0 = (- 1 ), (+ 1 ) 
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Table 5.3 (contd) 


B* Pulping Results 


E5Cpt. 

No. 

Pulping 

min 

conditions Screen Pulp 

T rejects yield 

"C 

Kappa 

no. 

E-1 

60 


160 2,7 

46,5 

31.2 

E-2 

120 


160 1.2 

49.0 

29.5 1 

E-3 

60 


170 1.7 

46.3 

.-cO.2 

E-4 

120 


170 0.6 

47.6 

22.3 

E-lR 

60 


160 2.4 

46 #4 

33.8 

E-4R 

120 


170 2.8 

47.2 

24.0 

R-Beplicate experiments 





C, Estimates 

1 of Effects 

by Yates's Algorithm 







Effect 



Rejects 

Pulp yield 

Kapj,ja no. 

Time -t o- tempe r at ure 

(tj^) 

-1.25^ 

1.88^ 

-0,2 

Temperature (T) 


-=-1.29^ 

0.82^ 

-9.1^ 

Interact ion (tj^ x T) 


0.20 

-0,60^ 

1.9 

95% confidence interval 

^,85 

+0.29 

+2.27 

Error variance (Sy ) 


1.17 

0,04 

2.42 


a significant at 95% confidence leve^l 


in time— to— temx^GraturG provides adequate time for the 
diffusion of pulping reagents into the chip interior and 
ensures uniform pulx'jing with less screen rejects to imi^rove 
the yield of screened pulp. Significant interaction effect 
suggests that it will be advantageous to pulp at a lower 
temperature and to allow a longer heating x^eriod* 

Heterogeneity in pulping occurs fron gradients in 
chemical concentration and temperature across the wood chip 
thickness. The probable mechanism in kraft delignification 
can be explained by the moving interface theory in which the 
chemicals ard transported through the chiles by liquor pene- 
tration as well as by diffusion under the influence of a 
concentration gradient. During the heating period# the 
temperature of the digester increases gradually# the liquor 
penetration proceeds fairly slowly and chemicals are consumed 
in hemicellulose degradation reactions; hov/ever# limited 
delignification occurs until about 140° C (Hartler and Onisko# 
1962). Liquor penetration should be conpleto at the end of 
the first phase at 140“ C# so that diffusion is not hampered 
during the sujasequent delignificatj-on step (Borlow and Miller# 
1970) . During the latter heating period to the desired pulping 
temperature more than half of lignin is extracted. 

With long heating periods penetration is satisfactory 
for uniform delignification and thus decrease the x>ossibility 
of uncooked chips (rejects) and improve screened yield of pulp. 



However, with short heating iDoriods, delignif ication will 
start prior to complete chip impregnation, Heterogeniety 
in pulping can occur with an increase in temperature because 
the rate of delignification increases relatively more than 
the rate of diffusion. The former is apprcKimately doiibled 
ui:ion a 10° increase in temperature, whereas the latter 
increases only in proportion to the absolute temperature. 

Thus, both the rapid heating period and high temperature can 
cause non uniform pulping with an increase in the quantity 
of rejects (Hartler and onisko, 1962; Colombo et al, 1964) 
in batch pulping. 

The results of this study show that, by increasing 
the time- to— temperature from 60 to 120 min, the ^oulp yield 
will be 49.0 per cent at 160°C and 47.4 per cent at 170°C. 

This result is in agreement with the results reported by Stone 
and Firderreuther (Borlew and Miller, 1970), a constant 
heating period of 90 min. is selected for all the subsequent 
experiments of this study, 

5.1,2 Influence of Chip Size (Thickness) ; 

The principal dimensions of v/ood chips consist of 
length, width and thickness - observed in the longitudinal, 
tangential and radial directions respectively. The recommenda. 
size range of commercial chips is — length (15-25 mm), width 
(10-15 mm), and thickness (2-5 mm). The chips swell i'n 
alkaline medium and the rate of penetration of white liquor 



is nearly equal in all -ne three directions* Borlaw and 
Miller (1970) and Hatton (1978) have discussed the inadequacies 
of the conventional william’s classifier and indicated the 
need for a m>Ddified system to fractionate chips including 
thickness as an important dimension, Borlew and Miller 
have recommended an oi^timijm thickness of 3 mm for uniform 
kraft delignification, Hatton (1978) has summarized the 
various ccjnsiderations in chip quality evaluation and compi-oc,; 
a list of the principal chip quality x^arameters. Table 5,4, 
However, the majority of these cannot be determined in routine 
mill control, Stoffes (1978) has described a disc screen 
classifier to remove overthick chips (^ 8 inm) and thus 
eliminate knotter rejects. Recently, Lapointe (1979) has 
described a chip classifier for a series of thickness and 
length fractions, Lax:)ointe has rexxurted the best chip 
thickness of 2-6 mm for batch digestion of hardwoods and 4-10 mm 
for softwood pulping in Kamyr digesters. The above discussion 
shows the importance of chij) thickness (2—6 mm) as a parameter 
in determining pulp qualities. 

Commercial eucalypt chiijs were manually screened 
using wire mesh screens with square ox^cnings (25, 18, 12 and 
6 nun) to give following chip fractb..ns; -25+18, -18+12 and 
-12+6 mm with average thicknesses-4,4, 3,5 and 2.5 ram 
res]pectively. Unlike other x^ulping variables, chip size is 
discontinuous and cannot be selected at the sx^ecific values 



T7iBLE 5,4: PRINCIP/^L CHIP QUALITY PARJ^'iETERS 


Parameter 

1, Average moisture content 

2, Range of moisture content 
3« Bulk density 

4, Chip size fractions 

5, Chip length 
6 • Chip width 

7, Chip thickness 

8, Diagonals thickness ratio 

9, Catpression damage 

10, Chip contaminants 
~ bark 

- knot wood 

- leaves/needles 

- extraneous dirt 

- internal inorganics 

- decayed wood 

11. Species identification 
12* Ratio of species in mix 

13, Sapwood:heartwood ratio 

14. Sawmill; woodroom chip ratio 


Routine 

measurement 

P 

DI 

P 

P 

D 

PD 

PD 

D 

D 

PD 

P 

D 

D 

D 

D 

D 

D 

I 

I 


P = Practical, D = difficult, I = impossible 

Refereinces Hatton (1978) 



required by the factorial experimental designs. In actual 
mill practice, chips have a wide range of sizes. Hence 
the variations in chip size can be reduced by manual screening 
and hand sorting for research purposes. The mill run chips 
were regular and had straight grains with uniform thickness 
and free from knots and defective/irregular chips. It was 
observed that the length (5—35 mm) and thickness (1.5 — 6,0 mm) 
af the chips were in the desired range. 

Chip thickness and chemical charge are selected as 
the two variables to ensure uniform liquor im^Dregnation for 
satisfactoiY pulping. Six experiments were conducted by 
3x2 factorial design with two chip fractions (chip thickness: 

2,5 and 3.5 ram) and cliemical charge of 15, 16 and 17 per cent 
active alkali. Table 5,5 shows the range of the pulping 
variables and other constant conditions. The pulping cohditions, 
experimental results and data analysis by Yates's algorithm 
(Appendix VI) are summarized in Table 5,6, 

Chemical charge has a pronounced effect on pulp yield 
and Kappa number compared to chip thickness. The strong 
influence of chemical charge can be seen from the presence 
of higher quadratic effects in Yates's analysis. Results 
that for a given chip size fraction, an increase in chemical 
charge lowers the pulp yield and Kappa number. Chemical 
charge exhibits a positive quadratic effect on pulp yield and 
has a negative influence on Kappa nimber - a lower level of 



TABLE 5.5s INFLUENCE OF CKEMIGAL CHJiRGE AlO CHIP SIZE 
ON THE KR,\FT PULPING OF EUCALYPT 

Range of pulping Variables 


Range/ level 


Variables 

Symbol 

-1 

0 

1 i 
1 + 

1 

1 

1 

Chemical charge 
(AA as Na20)/ % 

^1 

15 

16 

17 

Chip size, mm 

Mean thickness, mm 

Standard deviation 

^6 

(-12+6) 

2.5 

0.7 


(»lBtl2) 

3.5 

0.9 


X4 

Xc 




Constant Pulnlnq Conditions 


Temperature/ °C 165 
Sulfidity, % 21 
Liquor-to-wood ratio 3.6 
Time, min 50 
Time - 1 o-tompG r ature , 


min 


90 
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TABLE 5,6; INFLUENCE OF CHEMICAL CiiARGE ALjD CHIP 
SIZE ON THE m-i-FT' PULPING OF EUCALYPT 

A. Pulping Conditions and Results 


Expt, 

No. 

Puloinq 

conditions 

Pulping 

results 

Chemical 
charge, % 

Chip thick- 
ness, rnn 

Yie ldt% 

Kappa no. 

E-11 

15 

2.5 

49.6 

34.8 

1 

E-12 

16 

2,5 

48.1 

36.8 ' 

E-13 

17 

2.5 

48.4 

28,2 

E-14 

15 

3.5 

51,5 

33.6 

E-15 

16 

3.5 

48.5 

39.1 ' 

E-16 

17 

3.5 

48.7 

31.9 , 


B, Estimates 

of Effects by 

Yates ' s jilgorithm 






Effect 

Yield 

Kappa no. 


Chemical charge : 

Linear -1,00 -2,07 

+1,25 -5,80 


Quadratic 
Chip thickness 


+0.-87 


+1.60 





chemical charge has a pronounced decreasing effect on yield 
whereas the effect on Kappa number is more towards higher 
levels of chemical charge, 

Ex;[Brlments were also conducted with mill run chij^s 
(thickness range 1,5-5. 6 mm) (E-61, E-62) using conditions 
similar to runs E-12 and E-15, Table 5.7, Mill run chips 
gave yield and Kappa number comparable to the fractionated 
chips showing that puli^ quality remains essentially the same 
in both the cases. These observations show that chip thickness 
(2-6 mm) is not a significant variable during kraft x^ulxaing of 
the eucalypt chips used in this investigation. 

The chip fraction (—25 + 16 mra) with average chip 
thickness of 4,4 mm was selected for the 32 iruns of the main 
experimental design in subsequent study dealing with the 
effect of five major pulping variables, 

5,1*3 Fractional Factorial Design : 

The Influence of the remaining five major jpuliDing 
variables (chemical charge, temperature, sulfidity, liquor— to- 
wood ratio, and pulping time) can be studied by using a 
sequential ex]perimental design, A complete factorial design 
would require 32 runs, at two levels of each variable, Yates's 
algorithm can be adopted to estimate the 32 statistics consistin ■ 
of one average value, 5 main effects, 10 two-factor interactions.. 
10 three-factor interactions, 5 fovir-factor interactions, and 
one five-factor interaction. Quite often it is observed that 



TABLE 5,?! KRAFT PULPING OP EUCALYPT MILL RUN CM IPS 


Pulping conditions ; 


- Chemical charge, (JA) 

, % Na20 

16 



X 2 - Temperature, ®C 


165 



- Sulfidity, % 


21 



X^ - Liquor-to-wood ratio 


3.6 



X^ - Time-at~temperature, 

min 

60 



X^ - Time-to-temperature, 

min 

90 



- Chip thickness, mrn 


1. 5-5.6 



Pulping Results 

E-61 

E-62 

Average 

Average 

CPC* 

Pulp yield, % 

49.54 

49.22 

49.38 

49.7 

Black liquor solids, % 

22.14 

20.34 

21.24 

21,7 

AA consxamption, % 

15.10 

13.43 

14,26 

13,9 

Kappa no. 

41.39 

37.10 

39.24 

31.7 

2 

Burst index, (kPa.m/g) 

5.20 

3,81 

4.51 

5.19 

2 

Tear index, (mN. m /g) 

8,09 

7.90 

8.00 

8.27 

Tensile index, (N, m/g) 

71.03 

59.84 

65.44 

70,44 

Folding endurance 

357 

44 

201 

304 


* 7 ivorage of the six experiments replicated at the ^ntral 
point conditions in the main design (E-47 to E— 52), chip 
thickness: 4,4 mm 
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the absolute magnitude of the various effects decreases 
in the order (disregarding the effects of experimental error) - 
main effects, two factor interactions, three-factor inter- 
actions, and so on. Thus, at some point, higher order inter- 
actions which tend to become negligible can be deleted. 

Application of Yates's algorithm would require a redundancy 
of half of the statistics of a full factorial design. It 
is then possible to adopt fractional factorial designs to 

estimate the remaining effects and interactions. In this 

5-1 5 

study a half-fraction factorial design (2 ) of the full 2 

factorial requiring only 16 experiments is used. 

The first five columns of Table 5,8 give the 

5—1 

experimental design for a 2 fractional factorial. The column 
of signs of variable 5 (time) has been obtained by multi- 
plying the signs of columns 1 to 4, The remaining ten co limns 
in Table 5,8 refer to the signs for calculating the two- 
factor interaction terms. The signs of the other interaction 
terms can be obtained in a similar manner. It can then be 
shown that the two-f actor interactions are confounded by 
the three-factor interactions and the four-factor interactions 
are confounded by the main effects. The confounding pattern 
for all the three-factor and four-factor interactions with 
their aliases are shown in Table 5,9. The five-factor 
interaction (12345 » I) gives all positive signs and is used 
to find the average of all the runs, (Bc»c et al,, 1978), 
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T/VBLE 5,9 s CONFOUNDING PJ.TTERN AND ESTIMATES 

FOR 2^“^ FRACTIONAL FACTORIAL DESIGN 


Ralationship between coliomn 
pairs* 


1 


2345 

2 

= 

1345 

3 


1245 

4 

=: 

1235 

5 

== 

1234 

12 

= 

345 

13 


245 

14 


235 

15 


234 

23 


145 

24 

= 

135 

25 


134 

34 


125 

35 


124 

45 


123 

(I 


12345) 


*The numerals (l/.2,3,4#5) refer to the five 
variables 


Thus the 16 statistics can be calculated from the 16 experi- 
ments of the fractional factorial design, A computer progrt 
was developed (Appendix VII) for analysing all the data by 
Yates’s algorithm for any 2 ccmplete factorial design. 

Table 5,10 gives the coded levels and the actual 
values of the five variables for the half-fraction factorial 
design (E-21 to E-36), The coded forms of the input variable 
have been obtained from the following equation (5,1): 
x^ = (active alkali charge - 16,0)/1.0 
X 2 = (Temperature - l&5,0)/5,0 

x^ = (Sulfidity - 2l.0)/3.0 (5,1) 

x^ = ( Liquor ;wood - 3.6)/0.3 
x^ = (Time - 60,0)/15,0 

The heating period was maintained constant at 90 min, and 
fractionated chips were used (-25 +■ 16 ram) for the experimer 
Pulping conditions and results are given in Table 5.11, A 
typical computer output of Yates's analysis for pulp yield 
is given in Table 5.12, which gives the estimates of the ma; 
and interaction effects of the variables. Table 5,13 gives 
the confounding pattern of the factorial design with four- 
factors and the corresponding half-fractional factorial 
design with 5 factors. The calculated estimates now show 
the main and two-factor interaction effects of the five 
pulping variables. An estiit\ate of the eaqperimental error 
is necessary to determine the statistical significance of tl 


observed effects. 



TABLE 5.10s PULPIMG VARIABLES AT DESIGN LEVELS 


AND CONSTANTS 

Fractional-Factorial Design 


Variables 

Symbol 

Ranqe/levels* 

-1 +1 

Chemical charge, 

(AA as % Ua^Q) 

^1 

15 

17 

Temperature, °C 

^2 

160 

170 

Sulfidity, % 

^3 

18 

24 

Liquor : wood 


3.3 

3.9 

Time, min 

^5 

45 

75 


Coded levels (equation 3.1) 

Constants t Chip fraction/ mm -25+16 

(Average chip thickness - 4.4 mm) 


Time- 1 o-tempe r ature , min 


90 


TABLE 5 . 11 ; PULPING CONDITIONS AND EXPERIMENl'-AL RESULTS FOR THE 
PULPING OP EUCALYPT; FRACTIONAL FACTORIAL DESIGN 
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TABLE 5*12 s KRiAFP PULPING OF EUC;djypTs FRACTIONAL FACTORIAL DESIGN 

YATES'S ALGORITHf'4 FOR TOTAL PULP YIELD 
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table 5,13s main AND INTERACTION EPESCTS OF 
VARIABLES ON PULP YIEli:) 


Expt, 

No. 

Design Estimate 
run 

no. 


Identification 

Complete 
factorial 
( 4-factor) 

Fractional 
factorial 
( 5- factor) 
(5=1234) 

Remarks 

E-21 

1 

48.96 

Average 

Average 

Yield 

E-22 

2 

-2,23 

1 

1^ 

AA 

E-23 

3 

-1.68 

2 

2^ 

T 

E-24 

4 

0.24 

12 

12 

JiA X T 

E-2 5 

5 

0.03 

3 

3 

S 

E-26 

6 

-0.92 

13 

13 

A7-V X S 

E-27 

7 

-0.02 . 

23 

23 

T X S 

E-28 

8 

-0,04 

123^'"^ 

45 

D X t 

E-29 

9 

-0,06 

4 

4 

D 

E-30 

10 

-0.18 

14 

14 

JJi, X D 

E-31 

11 

1.12 

24 

24^ 

T X D 

E-32 

12 

-1.13 

124^'^ 

35^ 

S X t 

E-33 

13 

-1.10 

34 

34^ 

S X D 

E-34 

14 

0.29 

134^'^ 

25 

T X t 

E-35 

15 

0.83 

as^a^b 

15 

i-iJx X t 

E-36 

16 

-2.06 

1234^'^ 

5^ 

t 


a “ Three -factor and four»f actor interactions used for an 

indirect estiraate of the experimental error ( 6r= 1,122) 

b - replaced by aliases for the 5-factor design 

c - statistically significant effect 


Since no experiment in the above design was 
replicated# an indirect estimate of the error variance can 
be obtained if all the three— factor and four— factor inter- 
actions are assumed to be negligible and the observed 
higher-order interactions used to measure the differences 
arising mainly from experimental error (Box et al.# 1978), 

An estimate of the error variance of pulp yield (1,259) is 
obtained as the quotient of the sum of squares of the 
effects and degrees of freedom, a comparison of the estimated 
standard error (1,122) and the observed effects in Table 5,13, 
shows the significance of three main and three interaction 
effects marked v^ith *C* as superscript. Table 5,14 gives 
similar results of Yates's analysis of Kappa number for 
these experiments# with an estimated standard error of 1*97, 
Table 5,15 gives the confounding pattern of factorial design 
with 4-factors and the corresponding half-f ractional 
factorial design with 5 factors, Significemt main and 
interaction effects are marked with 'C as superscript. The 
above estimates of standard errors are in good agreement 
with the results from six replicate determinations (E-47 to 
E-52)# conducted subsequently; yield - 0,68 vs 1,122 and 
Kappa number -1,85 vs 1,972. 

Analysis of the results leads to the following 
observations on the effect of the pulping variables on yield 
and Kappa number. 
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T7iBLE 5,15; 7iND INTERACTION EFFECTS OF 

V7.RIABLES ON K7.PP7v NUNHER 


Expt, 

No. 

Design 

run 

no* 

Estimate 

E-21 

1 

31.12 

E-22 

2 

-4.60 

E-r23 

3 

-6.30 

E-24 

4 

0.31 

E-25 

5 

2.68 

E-26 

6 

0,14 

E-27 

7 

-3,02 

E-28 

8 

-1.75 

E-29 

9 

-1,70 

E-30 

10 

2,56 

E-31 

11 

3,20 

E-32 

12 

-1.37 

E-33 

13 

-1.73 

E-34 

14 

0.27 

E-35 

15 

0.25 

E-36 

16 

-3.79 


Ide n t if i c at ioxi 


Ccmple te 

factorial 

(4-factor) 

Fractional 

factorial 

(5-factor) 

(5=1234) 

Remarks 

Average 

Average 

Kappa no 

1 

1 

7-uA 

2 

2^ 

T 

12 

12 

liA X T 

3 

3^ 

s 

13 

13 

7uA X S 

23 

23*^ 

T X S 

123^'^ 

45 

D 3C t 

4 

4 

D 

14 

14^ 

7JV X D 

24 

24^ 

T X D 

124^'^ 

35 

S X t 

34 

34 

S X D 

134^'^ 

25 

T X t 

234^'^ 

15 

iVi X t 

123^,a,b 

5^ 

t 


a - Thzee-factor and four-factor interactions used for an 

indirect estimate of the experimental error (^ = 1.972) 


b — replaced by aliases for the 5-factor design 
c - statistically significant, effect 


Pulp Yield; Chemical charge, tempe rature and time are 
observed to have a significant effect on pulp yield. An 
increase in chemical charge (15 to 17 per cent) decreases 
pulp yield by 2,2 per cent and pulping time (45-75 min.) 
decreases pulp yield by 2 per cent , whereas an increase in 
cooking temperature from 160 to 170°C decreases yield by 
1.7 per cent. The effects of sulfidity and liquor-to-wowd 
ratio are negligible in the range studied. Although the 
interaction terras are not statistically significant, sulfieityx 
time, temperature x liquor-to-wood ratio, and chemical charge 
X sulfidity appear to have an appreciable effect on yield. 

Kappa Number: Teraje rature, chemical charge, time and sulfidity 
are observed to have a strong effect on Kappa number. An 
increase in temperature (160-17Q°C) decreases Kappa n\mber 
by 6,3 points, chemical charge (15—17 per cent) by 4,6 points 
and time (45-75 min.) by 3,8 points? an increase in sulfidity 
(18-24 per cent) increases Kappa number by 2,7 points. At 
cc instant active alkali, an increase in sulfidity results in 
a decrease in effective alkali - the active pulping chemical. 
This result s in a slight increase in pulp yield and is 
accompanied by an increase in Kappa number (Kleppe, 1970? 
Bailey et al., 1969). The interaction effect between 
temperature and sulfidity is also important. Liquor-to-wood 
ratio although having no direct influence on Kappa number, 
appears to have an interaction effect with chemical charge 
and temperature. 



5,1,4 Seconcl-Orclor Central Ccanp-^slte Rv^tatable Design ; 

Analysis of the data by Yates's rreth>-.d has shown 
that pulp yield is significantly influenced by chemical 
charge, temperature and time, and that Kappa number is 
strongly affected by chemical charge, temperature, time and 
sulfidity; analysis also sh. iwed moderate interaction effects 
among the five variables jver the range studied. However, 
over a wider range of the variables, the influence of 
sulfidity and liquc>r-to--wc.';.r1 ratio, and some of the inter- 
action effects Could also become predominant. Response 
surface methods would be appropriate for such studies. The 
fractional factorial design for five factors can be suitably 
augumented by adding further experiments; six: experiments 
at the central point conditions and ten runs at the star 
points would form a second— order central Composite rotatable 
design (section 3,2), The response surface obtained from 
such designs can be used for a thorough exploration of the 
experimental range. It can also be used to obtain contour 
plots and for the optimization of the pulping parameters. 

5,1«4.1 Regression Analysis of Experimental Data : The full 
experimental range of the second— C'rder central point composite 
design is given in Table 5,16. Pulping Conditions and the 
experimental results are given in Table 5,17 and 5,18, 
respectively. The average value and the standard deviation 
in the observed data for the six: replicate experiments 
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TABLE 5.16s KRAFT PULPING OF EUCALYPTS 

PULPING VARIABLES AT DESIGN LE^>T:LS AlO CONSTAl'ITS 
SECOND ORDER CENTRAL COiyiPOSITE ROTATABLE DESIGN 


Variables 

Symbol 


Ranqe/Levels^ 



-2 

-1 

0 

+1 

+2 

Chemical charge (aa 

) 






as Na 20 # % 

^1 

14 

15 

16 

17 

18 

Tempe rat lore# °C 

X 2 

155 

160 

165 

170 

175 

Sulfidity# % 

^3 

15 

18 

21 

24 

27 

Liquor : wood 

X 4 

3,0 

3.3 

3 .6 

3.9 

4.2 

Time# min. 

^5 

30 

45 

60 

75 

90 


^Levels refer to Box's statistical design 

Constants ; Chip fraction# inm -25 +16 

(Average chip thickness - 4,4 mm) 
Time-to=temje nature# min 


90 
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TABLE 5,17: KRAFT PULPING OF EUCALYPT 
PULPING CONDITIONS 


Chemical 
• charge,% 

Xi 

(1) (2) 

Tempera- 
ture, ®C 

X2 

(3) 

Sulfidity, 

% 

X2 

(4) 

Liquor-to* 
wood ratio 

^4 

(5) 

Pulping 
time, mi 

^5 

(6) 

E-21 

15 

160 

18 

3,3 

75 

E-22 

17 

160 

18 

3.3 

45 

E-23 

15 

170 

18 

3.3 

45 

E-24 

17 

170 

18 

3.3 

75 

E-25 

15 

160 

24 

3,3 

45 

E-26 

17 

160 

24 

3,3 

75 

E-27 

15 

170 

24 

3.3 

75 

E-28 

17 

170 

24 

3.3 

45 

E-29 

15 

160 

18 

3.9 

45 

E-30 

17 

160 

18 

3.9 

75 

E-31 

15 

170 

18 

3.9 

75 

E-32 

17 

170 

18 

3.9 

45 

E-33 

15 

160 

24 

3.9 

75 

E-34 

17 

160 

24 

3,9 

45 

E-35 

15 

170 

24 

3.9 

45 

E-36 

17 

170 

24 

3.9 

75 

E-37 

14 

165 

21 

3 ,6 

60 

E-38 

18 

165 

21 

3,6 

60 

E-39 

16 

155 

21 

3,6 

60 
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Table 5,17 contd. 


(1) 

(2) 

(3) 

(4) 

(5) 

(6) 

E-40 

16 

175 

21 

3.6 

60 

E-41 

16 

165 

15 

3,6 

60 

E-42 

16 

165 

27 

3,6 

60 

E-43 

16 

165 

21 

3,0 

60 

E-44 

16 

165 

21 

4.2 

60 

E-45 

16 

165 

21 

3,6 

30 

E-46 

16 

165 

21 

3.6 

90 

E-47 

16 

165 

21 

3.6 

60 

E-48 

16 

165 

21 

3.6 

60 

E-49 

16 

165 

21 

3,6 

60 

E-50 

16 

165 

21 

3.6 

60 

E-51 

16 

165 

21 

3,6 

60 

E-52 

16 

165 

21 

3.6 

60 
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TABLE 5,18: KRTiFT PULPING OF EUCALYPT 
PULPING RESULTS 


EXpt, 

no. 

Experimental Results 

Strenqth Properties 

Pulp 

yield, 

% 

Black 

liquor 

solids# 

0/ 

Kappa 

no. 

Burst 

index, 

kPa.mVg 

Tear 
index, 
mN. m^/g 

Tensile 
index, 
N. rn/g 

(1) 

(2) 

% 

(3) 

(4) 

(5) 

(6) 

(7) 

E-.21 

50.00 

24.17 

36.47 

4.96 

7.41 

72.03 

E-22 

49.80 

24.43 

29.30 

5.45 

6.90 

77.09 

E-23 

48.70 

22.84 

30.10 

6.20 

8.01 

80,21; 

E«»2 4 

47,20 

27.39 

23.20 

5.39 

6,97 

55. 9C 

E-25 

54.20 

23.13 

46.30 

4,80 

7.59 

73.65 

E-26 

47.56 

23,15 

34,80 

5,34 

6.75 

83.55 

1 

to 

47.17 

23,53 

29.33 

6.25 

6.75 

90.91 

E-28 

47.30 

25.07 

26.25 

5.59 

6.42 

89.05 

E-29 

51.15 

19.63 

33.68 

5.40 

8.30 

80.12 

E-.30 

48.15 

19.40 

26,25 

5.76 

5.60 

87.28 

E-31 

48,57 

19.95 

28.36 

5.87 

7.31. 

66,23 

E~32 

48.00 

20.11 

30,89 

6 ,00 

8.41 

76.59 

E-33 

48.80 

19.47 

31,44 

5.73 

8,86 

85.32 

E-34 

48.75 

20.25 

35.93 

5.50 

8.65 

75.02 

E-35 

52.04 

21.00 

31.67 

6.74 

7.83 

87,38 

E-36 

46.00 

20,58 

23,95 

5.59 

8.24 

75.42 

E-37 

50.75 

20,70 

31,44 

6.65 

7.23 

76.69 

E-38 

45.80 

24.50 

27.02 

5.85 

7.80 

78.26 


Table 5*18 contd 


(1) 

(2) 

(3) 

(4) 

(5) 

(6) 

(7) 

E-.39 

51.80 

20.82 

33.24 

5,28 

8.05 

68.58 

E~40 

46,59 

23.05 

25,62 

5,41 

6.88 

85.64 

E~41 

49.22 

21.81 

30,89 

■ 4.26 

9.00 

64,33 

E-42 

48,81 

19.95 

32,56 

5.71 

7,72 

85.42 

E-43 

47.35 

22,84 

26.25 

5,73 

8,57 

76.59 

E-44 

49.25 

19,00 

31,44 

5,91 

7.29 

83.75 

E-45 

50.30 

21.40 

51.11 

5.34 

7.35 

68.45 

E-46 

47.36 

23.45 

29.33 

6.70 

4.96 

88.36 

E-47 

50,41 

21.76 

30,70 

6.16 

8.86 

71.70 

E-48 

49,92 

22.26 

29.66 

5.45 

8.54 

67.17 

E~49 

50.25 

21.96 

30.57 

4.82 

8,-17 

66,03 

E-50 

49.69 . 

20.42 

31,14 

5,24 

8.31 

79.45 

E-51 

48,51 

22.26 

33,58 

4,46 

8.04 

71.38 

E~52 

*■19*44 

21.68 

34.30 

5.02 

7.71 

66.93 



(E-47 to E-52) conducted at the central point conditions 
are given in Table 5.19, The range of the dependent 
variables observed is also given in Table 5,19 and a 
comparison with the estimated error shows that all the 
responses are statistically significant. 

Linear regression equations gave a poor fit and a 
second order model (equation A, 8 ) of the experimental data 
was siabsequently fitted. Pulp yield (Y) is represented by 
equation (5,2), 

Y = 49.62 - l.l57Xj_ - 0 . 994 X 2 - 0 , 024 X 3 + 0.139x^ 

* <2 

- 0 . 932 x 5 - 0,269x^ - 0.039x^ - 0 . 084 X 3 - 0.263x^ 

- 0 . 130 X 5 + 0.119Xj_X2 - 0.458x^X 3 - 0.091x^x^ 
+0.413 Xj^X 5 - 0,011X2X3 + 0.559 x 2X^ + 0.143X2X5 
-0.051x3X^ - 0 . 554 X 3 X 5 - 0.022x^X5 (5.2) 

(R^ = 0.94; F = 8.3 d.f. = ll) 

Similar regression equations were obtained for 
Kappa number, black liquor solids and the strength properties 
— burst index, tear index and tensile index. The twenty one 
coefficients were estimated by the method of least squares 
(Appendix I, VIII) and the results are summarized in 
Table 5.20, The general second-order model (equation 5,3) 
is reproduced in Table 5.18. The regression equations showed 
good reliability t.£ the second order models for pulp yield. 
Kappa number and black liquor solids with R = 0.94, 0.86 
and 0,89 respectively. Accountability for the strength 



T/'BLE 5.19: MEAN AND STANDARD DEVI/AT ION OF THE OBSERVED DATA FOR THE 

SIX REPLICATED EXI^ERIt^NTS AT' THE CENTRAL POINT CONDITIONS 
A.ND THE OVERAIjL RANC5D OF THE DEPEI'JDENT VARIABLES 
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table 5,20; KRAFT PULPING OP EUCALYPT 

mtiThematical models 


Para- - Coofflclonts 


XT O.” 

meter 

(1) 

Pulp 

yield 

(2) 

Black 

liquor 

solids 

(3) 

Kappa 

no, 

(4) 

Burst 

index 

(5) 

Tear • 
index 

(6) 

Tensile 

index 

(7) 


49.615 

21,652 

31.809 

5,218 

8.233 

70,609 


-1.157 

0,594 

-1.901 

-e.l22 

-0,124 

—0,536 

^2 

-0.994 

0.471 

-2,736 

0.206 

-0.103 

0,905 


-0,024 

-0.228 

1.032 

0.142 

-0,016 

4.457 

^4 

0,139 

-1.708 

-0.133 

0.124 

0.160 

1.051 

^5 

-0.932 

0,233 

-3,078 

0.080 

-0.375 

0,725 


-0.269 

^ 0.291 

-0.758 

0,238 

-0.151 

1.593 

^22 

-0,039 

0,124 

-0.708 

0.012 

-0.163 

1.501 

^33 

-0.084 

-0.140 

-0.134 

-0,078 

0,061 

0.943 

^44 

-0.263 

-0.130 

—0,854 

0.131 

-0,047 

2.266 

^5 

-0,130 

0.227 

1,990 

0.181 

-0.491 

1.825 

’^12 

0,119 

0,313 

0,403 

-0,228 

0.275 

-2,472 

^13 

-0.458 

-0,176 

0,073 

-0.109 

0.136 

-0.777 

^14 

-0,091 

-0.380 

1.283 

-0.028 

0.083 

0.408 

^15 

0,413 

0,009 

0.124 

-0.008 

-0,089 

-0,548 

^23 

-0.011 

0,095 

-1.508 

0.057 

-0.319 

3.928 

^24 

0.559 

-0,066 

1.598 

-0.067 

0,055 

-1.989 

^25 

0,143 

0.230 

0.136 

-0.129 

0,089 

-4,196 


-0.051 

0,385 

-0.863 

0,034 

0.359 

-2,434 
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Table 5,20 contd. 


(1) 

(2) 

(3) 

(4) 

(5) 

(6) 

(7) 

•^35 

-0.564 - 

■0.414 

-0.684 

0,u84 

0,278 

2.664 

'^45 

-0,022 - 

■ 0.273 

-0.876 

••0»037 

-0,134 

0.794 

r2 

0.9381 

0,8870 

0.8644 

0,6567 

0,7473 

0.7796 

F- ratio 8.3355 

4.3155 

3.5055 

1,0521 

1.6261 

1,9398 



k 

k 


k 



y = b 
^ o 


.X. + X 

^ ^ z_ 

2 

b. .xf + 

XX X 


X. X . 

1 J 



1 

1 


1 j 



(5.3) 
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properties was only fair with = 0,66, 0,75 and 0,80 for 
burst index, tear index and tensile index respectively, 

Bailey et al, (1969) and McKibbins (1970) also have reported 
similar correlation coefficients of pulp strength properties 
with the pulping process variables. The low correlation 
coefficient for strength prox^erties indicates the possible 
influence of additional pararreters besides the five digester 
variables considered. The factors wnich would influence 
XDulp strength properties are the possible inevitsible variations 
associated with the post-treatment of the pulp from the 
digestion step, such as beater ox^eration, hand sheet prepa- 
ration and conditioning, and sensitivity and precision of 
the testing equixroent used, 

Hatton et al. (1972) have observed that the precision 
of yield determinations is much greater than the routine 
X^ulp strength tests. In this study, equixxnent in a mill 
control laboratory were used for all the x->ost treatment 
steps and to determine the strength properties. The variables 
associated with pulp post treatments for strength determinations 
would require a detailed study of each step with test equii>=- 
ment of high precision. In this study, the five pjulping 
variables considered account for three-fourths (66-80 per cent) 
of the total variation in strength proxsrties and only one- 
quajTter will be associated with post digestion treatments. 

Thus the seccnd-order regression models can be considered to 
give an acceptable representation of the strength projoertios. 
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5, 1,4, 2 Statistical Significance o£ Parameters; The relative 
significance of the parameters in the models, equation (5,3) 
and Table 5,20 was evaluated using students* 't* test. The 
results are -s-ummarized in Table 5,21 and the significant 
parameters (95 per cent confidence level for yield. Kappa 
number and black liquor solids and 90 per cent for the strength 
properties) are shown in parentheses for all the responses. 
Subsequently, only the statistically significant terms alone 
were retained to obtain a revised fit of the observed data 
as illustrated by equation (5,4) for pulp yield. 

2 

Y = 49.398 - 1.157 - 0,994X2 - 0.932x^ - 0.251x^ 

-0,245x^ - 0.458Xj_X 2 + 0.413x^Xg + 0.559X2X^ 
-0.564x3Xg (5.4) 

(R^ = 0.9201; F = 28.147, d.f. = 22) 

A summary of the revised regression equations for 
the various observed responses is given in Table 5,22, The 
revised correlation coefficient was good for pulp yield (0,92 
vs 0.94), satisfactory for Kappa number (0,84 vs 0.86) and 
black liquor solids (0.80 vs 0.89). The representation of 
the strength properties by the complete second-order model 
gave a better correlation coefficient. All the terms in the 
revised regression equations (Table 5.22) were confirmed to 
be statistically significant by the Students'^ *t* test. Thus 
the revised regression equations are recommended for reliable 
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TABLE 5,21 i SIGNIFICANCE OF PARAI4ETERS 
STUDENT’S t V;.*LUES 





Computed 

•t* Values 



Jr oi. dl*=* 

meter 

pulp 

yield 

Black 

liquor 

solids 

Kappa 

no. 

Burst 

index 

Tear 

index 

Tensile 

index 

( 1) 

(2) 

(3) 

(4) 

(5) 

(6) 

(7) 


(64,750)^ 

(19.740) 

(9.174) 

(3.992) 

(10.509) 

(10,393) 

^1 

( 7.384) 

( 2.654) 

(2.686) 

(1.030) 

0,777 

0.337 

^2 

(6.342) 

(2.1U3) 

(3.866) 

(1.741) 

0.641 

0.652 

^3 

0*151 

1.016 

(1.458) 

(1.199) 

0.010 

(3,216) 

^4 

0,886 

(7.630) 

0.188 

(1.045) 

(l.OOU) 

0.758 

bs 

(5.948) 

1,042 

(4.350) 

0.678 

(2,345) 

0,52 3 

bii 

(1.899) 

(1.435) 

(1.184) 

(2.222) 

(1.042) 

(1.270) 

^22 

0,276 

0.613 

1.105 

0.1U9 

(1.129) 

(1.197) 

^33 

0.594 

0.688 

0,209 

0.731 

0.419 

0,752 

^44 

(1.855) 

0,639 

(1.334) 

(1.218) 

0.324 

(1.807) 

^55 

0.920 

1.120 

(3.109) 

(1.685) 

(3.393) 

(1.456) 

^12 

0.622 

1.139 

0.464 

(1.572) 

(1.404) 

(1.456) 

^13 

(0,387) 

0.643 

0.084 

0.719 

0.696 

0.457 

^14 

0,472 

(1.386) 

(1,480) 

0,194 

0,421 

u . 2 4 o 

^15 

(2.153) . 

0.032 

0.143 

0.056 

0.453 

0.323 

^23 

0.055 

0.346 

(1,739) 

0.392 

(1.628) 

(2.314) 

^24 

(2,915) 

0*241 

(1.843) 

0.461 

0.280 

(1.172) 

^25 

0.746 

0.838 

0.157 

0.892 

0.453 

(2.472) 

^34 

0.264 

(1.404) 

0.995) 

0,237 

(1.832) 

(1.434) 
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Table 5,21 contd, 


(1) 

(2) 

(3) 

(4) 

(5) 

(6) 

(7) 

^35 

(2.941) 

(1.509) 

0.789 

0,582 

(1.417) 

(1.569) 

^45 

0.114 

0.994 

(1.011) 

0.254 

0.682 

0.468 


Tabulated 't* values 


<'^0.90, 11> = 




Significant parameters in parenthesis 
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TABLE 5.22: KRT'.FT PULPING OF EUCALYPT 

Fn-J7'.L MJ\THEiLATICAL MODEL WITH SIGNIFiCi.NT P.ARJU'fflTE RS 


Para- Total 

meter 

yield 

( 1 ) ( 2 ) 

Black 

liquor 

solids 

(3) 

Kappa 

no, 

(4) 

Burst 

index 

(5) 

Tear 

index 

( 6 ) 

Tensile 

index 

(7) 

Inter- 

cept 

49.400 

21.718 

31.675 

5.157 

8,246 

71.551 

^1 ^1 

-1.157 

0.594 

-1.901 

- 0.122 



^2 ^2 

-0.994 

0.471 

-2.736 

0.206 



^3 ^3 



1.032 

0.142 


4.457 

^4 ^4 


-1.708 


0.124 

0,160 


^5 ^5 

-0.932 


-3.078 


-0.375 


2 

-0.251 

0.285 

-0.747 

0.243 

-0.152 

1.514 

2 V, 

^2 ^22 



-0.697 


-0.164 

1.423 

2 . 

="3 *=33 







X4 1=44 

-0.245 


-0.843 

0,136 


2.188 

^5 t>55 



2.001 

0.186 

-0.492 

1.747 

XiXj bj 2 

^1^3 ^13 

X 1 X 4 

-0.458 

-0.380 

1.283 

-0.228 

0.275 

-2.472 

^1^5 ^15 
^2""3 ^23 

0,413 


-1,508 


-0.319 

3,928 

^2^4 ^24 

0,559 


1.598 



-1.989 

X 2 X 5 b25 






-4.196 

^3^4 ^34 


0.335 



0.359 

-2.434 
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Table 5,22 contd. 


(1) 

(2) 

(3) 

(4) (5) 

(6) 

(7) 

^3^5 ^35 
^4^5 ^45 

-0.564 

1 

c 

• 

-0.876 

0,278 

2*664 

R-squared 0.9201 

0.0003 

0.8402 0.5567 

0.6795 

0.7272 

F-ratio 

20.147 

13.7417 

8.3264 3.611 

5. 1037 

4.0474 


F-tabu- 
lated at 

95% 2.94 3,41 2.56 3.13 2.94 2.65 

d.f. (22,9) (24,7) (19.12) (23,8) (22.9) (20, 11) 
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estimates of yield and Kappa n-csmb-ir, and the complete 
second order representation can give acceptable estimates 
of the pulp starength properties, 

5,1*5 Miscellaneous Models ; 

In addition to the general second-order model 
(equation 5,3) developed in the previous section for the 
kraft pulping of eucalypt, various other models also were 
tried and the correlations were observed to be less satisfactory- 
The results of the various trials are summarized below# 

Ik A regression model fitted with effective 
alkali as used by Hatton (1972), Wall-ln' 
and Noreus (1973), Hinrichs (1967) gave 
essentially the some correlation coeffi- 
cients both for yield and Kappa number# 

2, Regression model using the H— factor repre- 
senting temperature and time interactions 
gave poor correlation coefficients for yield 
and Kappa nxmber. Correlation of the data 
with Hatton's model [model 10, Table 2#2] 
and Chari's model [14, Table 2.2] also were 
not satisfactory, 

3# The log models proposed by Chari (1973) and 
Lin et al, (1978), modified with the 

inclusion of sulfidity as a variable, also 
gave a poor fit of yield and Kappa number# 
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Y = 192,63 


(p) 


0.0388 


^j:f^0.0555 ^gjO.0054 


(R = 0.69) 


K = 1277.5 


^g^0,2036 ^^^0.0321 


(R = 0,543) 


The low value of the exponent for sulfidity 
In the above expression shows a negligible 
effect on yield. 

4. Hatton's model [ 10, Table 2,2] with effective 
alkali and H- factor as variables did not show 
any convergence. 

The results of the above analysis show that the 
general second-order model [ 8, Table 2,2] , equation 5,3 
correlating the effects of the five pulping variables would 
give a satisfactory representation of the digester responses, 

2.1,6 Effect of Pulping Variables on Pulp Properties : 

Although it is quite difficult to recognize the 
Influence of individual variables separately in such a complex 
system, the relative importance of each of them and their 
possible interactions with other variables can be judged 
from the magnitude of the coefficients. The effect i-;f 
individual variables on pulp yield. Kappa niomber and strengtn 
properties is discussed below. 
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5, 1,6,1 Pulp Yield; Equati' in (5,3) shows that chemical 
charge is the most important pulping variable influencing 
pulp yield. An increase in chemical charge reduces pulp 
yield; this may be partly attributed to the degradation of 
the higher xylan content of eucalypts. Temperature and 
time are observed to be the next important pulping variables, 
Hatton and Hejjas (1972) have also reported siiuilar effects 
of chemical charge and temperature during the pulping of 
hardwcjods, Sulfidity and liquor- to-wo/jd ratio have shown ni.^ 
direct influence on pulp yield, Kleppe (1970) also has 
reported the negligible effect of aulfidity (15— 40 per cent) 
on the yield of birch kraft pulp. The quadratic effect of 
liquor- to-wood ratio shows that veiry low or very high levels 
would tend to decrease pulp yield. Significant interactions 
are observed betv/een liqaor— to— wot-d ratio— tempo rat ure^ 
chemical charge-sulfi'lity^ and chemical charge— time. These 
results are very siaiilar to the earlier observativ.'ns based 
on Yates's analysis, 

5, 1.6,2 Kappa Number : Pulping time has the most significant 
influence on Kappa number as shov/n by the magnitude the 
coefficients (b^ and b^^) in the regression m<xlel. The other 
important pulping variables in the order of influence aire 
temperature and chemical charge; an increase in either or 
both decreases Kappa number. Higher levels of chemical 
charge and temperature decrease Kappa numl>3r mc^ro than lower 



110 


levels. In the fractional factorial design where the 
range cjf the pulping variables was narrow, the order in 
which the pulping variables influenced Kappa number was - 
temperature, chemical charge and time. In the socond-ordor 
central c«,Tmposite design with a wider range (;f variables, 
time becomes the most important variable. Increase in 
sulfidity at constant active alkali tends to increase the 
Kappa number and is in agreement with the results reported by 
Bailey et al. (1969) and Kleppe (1970), Liquor - to - wo-od 
ratio althoiigh not having a direct influence on Kappa number, 
interacts significantly with chemical charge, temperature 
and time. Interaction effect is also observed between 
t emjpe r at ure and s ul f id ity • 

5,1.6. 3 Strength Proterties ; Pulp strength properties are 
influenced by tho pr >gress of the pulping reactions which 
modify the intvomal prcjX 2 rties of the constituent fibers. 

Thus, chemical charge, temperature, sulfidity and time which 
control the residual pulp lignin content would also influence 
the pulp strength properties. The role of sodium sulfide 
on yield and strength properties is illustrated by the 
results of soda and kraft pulping under similar conditions. 
Table 5.23, The Kappa number (54,3) and yield (57,07) of sodn 
pulp are higher compeared to Kappa number (31,7) and yield 
(49*47) of Kraft pulp. Burst, tear and tensile indices of 
soda pulps are lower compared to the eucalypt kraft pulp. 
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TABLE 5,23 j PULPING OF EUCALYPT CHIPS BY SODA PROCIESS 

COMPARISON Wri-H KRAFT PULPS 


pulping conditions 

Soda 

.pulping.. 


Kraft pulping 

and 

Pulp properties 

E-71 

E-72 

Average 

(E-47 to E-52 

Pulping conditions 





Chemical charge (aa as 
Na20), % 

16 

16 

16 

16 

Temperature, *C 

165 

165 

165 

165 

Sulfidity, % 

0 

0 

0 

21 

Liquor-to-v70od ratio 

3.6 

3.6 . 

3.6 

3.6 

Time , min 

60 

60 

6o 

60 

Chip size, range mm 

16-25 

16-25 

16-25 

16-25 

Time-to~temporature , 
min. 

90 

90 

90 

90 

Pulping Results 





Total pulp yield, % 

56,88 

57.2 

57.04 

49.70 

Black liquor solids, % 

20,23 

20,03 

20,13 

21,72 

A/i consumption, % 

- 

- 

- 

13,85 

Kappa no. 

45,97 

62.68 

54.33 

31.66 

Strength properties 

2 

Burst index, (kPa m /g) 

3.23 

3.02 

3.13 

5.19 

2 

Tear index, (mN m /g) 

5,85 

5.69 

5,77 

8.27 

Tensile index, (N,m/g) 

57,23 

52,41 

54.82 

70,44 

Folding endurance 

39 

19 

29 

304 


Very high Very small 
rejects quantity of 
rejects 


Remarks 
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It would have been desirable to comjpsre the pulps at the 
Same Kappa number level; hoxAjever# to obtain a Kappa number 
(31,7) comparable to the kraft digestion, soda i^ulping 
would require higher chemical charge, temperatuie and time 
with consequent polysaccharide degradation reactic-.ns, 

A rigorous intorprotation of the effects of the 
kraft pulping variables is difficult owing to the- It^w 
correlation coefficients obtained for the regression equations 
of the strength properties; nevertheless, the following trends 
are observed from the parameters v..f the regression models, 

1, Increase in chemical charge somexvhat reduces 
the bursting and tensile strengths; tear 
index should have imi^roved but it shows a 
slight decrease from the regression models, 

2, Bursting and tensile strengths have improved 
with an increase in the other pulping variables 
studied, 

3, Pulping time and sulfidity have shown maximim 
influence on tearing and tensile strengths 
respectively; the former reduces the tear 
index and the latter increases the tensile 

index according to the reg 3 session equations (5,3), 

4, Linear effects of chemical charge, temperature 
and sulfidity on tear index are seen to be 
small; hi..wevor the interaction terms suggest 
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that tear index increases with the x^rogress 
of cooking - higher temperatures and 
sulfidity improving tear index. 

The abvjve trends are in agreement with the results 
reported by other v/orkers on the effect ^^f jpulpiny variables 
on strength properties. The values of the strength 
proxjerties obtained are comparable to the results rex:>orted 

by Phillix^s et al, (1967) and Higgins (1970) for Australicin 

-3 

native eucolypts of ccm]parable density (0,66 g cm ), 

5,1,7 Optimum Pulping Conditic;ns : 

one of the ]princix)al uses of the regrossi'..<n models 
developed in the provi^jus section was to locate the pulx>ing 
conditions which would give an (optimum yield of pulia with 
desired xmjxerties. Two computer programs for constrained 
oX'itimizatiop — "Complex Method of Box" and "Constrained 
Rosenbrock Method" were used and the latter was found to be 
efficient and reliable. 

Several trial combinations of any two/three constraints 
fron among yield. Kappa number and strength prox^erties wore 
used for the optimization study. The results of all the 
trials are summarized in Table 5,24, The objective was 
to maximize the resxoonse shown in column 2 (Table 5,24) 
subject to the constraints in column 3. The oi^timum i^ulping 
conditions cind the estimates of the maximum value of the 
desired objective and other pulp properties obtainable are 
also given in Table 5,24, 



TABIxE 5,24: OPTIMIZi^TION OF KR/vFT PULPING OF SUCALYPTS 
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For example, in trial 3, the objective was to 
maximize pulp yield subject to the constraints on burst 
index and tear index in the range 4.4 - 5,4 and 7.8 - 8,4 
respectively. The maximum yield was 52.0 per cent for the 
optimum conditions shown in the table; the burst index of 
the pulp was 4,92 and tear index was 8,33, In trial number 
6, three constraints were introduced (yield; 43,0 - 47,5, 

Kappa raombers 27-33, burst index; 4,4 - 6,4) and the pulping 
conditions determined for maximmi tear index; the pulp had 
the following properties - yield = 47,5, Kappa number = 27,2, 
burst index = 5.26, and tear index = 8.07, These estimates 
(trial 6) of pulping conditions are close to the central 
point conditions of the main experimental design with slightly 
higher values of chemical charge and temperature. 

Pulping experiments (E-81, E-82) vxjre conducted in 
duplicate adopting the conditions of trial 6 and the results 
are summarized in Table 5,25, Table 5,25 also shows a 
comparison of the experimental results, estimates based on 
Constrained Rosenbrock Method, and the average values obtained 
for the experiments at central point conditions (E-47 to E-52 ) . 
The results show very good agreement (98 per cent) for pulp 
yield and the agreement is within 10 per cent for Kappa 
number and pulp strength properties. 
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5»1*8 Representation of the Responso Surface ; 


The regression models, equation (5,3), can be 
represented geometrically as a response surface. The inter- 
pretation of the results as a response surface, with only 
two x-variables is facilitated by plotting the contours of 
equal response. To draw a given contour, y is set equal to 
a given response level and the equation is solved as a 
quadratic in for selected values of x^ to obtain a series 
of points (x^, x^) on the contour. 

With three' x-variables, a three-dimensii jnal represen- 
tation is necessary with one variable selected along the 
vortical and the contours (x^^x^) can be located at 

different heights. If there are more tnan throe x-variables, 
geivmetrical representation can be used only parbially. In 
such Cases the response surface can bo transformed to its 
canonical form. Canonical analysis involves a shifting of 
the origin to a new location (optimum) and rotation o£. the 
axes t<o correspond to the contour axes. It is useful in the 
analysis and geometrical representation of multivariable 
systems involving complicated maxima/miniraa. 

5, 1,8,1 Univariate Representations : Univariate representation 
of response surface (Hinrichs, 1967; Mathur and Peterson, 1978) 
has an important practical utility. It can be used to 
estimate the changes in the observed response caused by one 
of the input variables, while the digester is operating under c 



Set of desired (optimum) conditions. This can also be 
used in evolutitmary ope rati r.ns to improve digester operation 
to obtain the desired pulp properties. Figures 5,1 - 5,6 
were obtained by the regression equation models (Table 5,20) 
for the resi:)onses while keeping all variables at the optimum 
conditions and vairying only one at a time in the full range 
of the experimental region. 

Figure 5,1 shows the effect of change in cooking 
conditions on pulp yield. Active alkali (chemical charge) 
has the maximum influence on yield with a steeper slope at 
higher alkali charge levels. Yield shows essentially linear 
dependence on temperature and sulfidity. At the optimum 
conditions, change in cooking time seems to have virtually 
no effect on the pulp yield. Increasing liquor— to— wood ratio 
increases pulp yield because of dilution of pulping chemicals. 
The effect of all pulping variables on pulp yield is in 
agreement with the previous studies on the general behaviour 
of hardwoods. 

The influence on black liquor solids is shown in 
Figure 5,2 and the observed effects complement the behaviour 
obtained for pulp yield confirming the cc^nsistency of latter 
data. 

Figure 5,3 shows the effect of pulping variables on 
Kappa number and pulping time has the doraiH'ftnt influence. 
Kappa number shows a minimum at 65—70 min compared to the 



Pulp yield, 



Fig 5-1 -Univoriate representation of response surface 
for eucalypt pulp yi%^td. 



Black liquor solids, 
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Fig. 5*2 -Univariate representation o: response surface for 
black- liquor solids (eucalypt). 
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Fig. 5-3 -Univoriatc representation of response surface for 
Kappa number (eucalypt). 
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estimatecf optima value of 57 min. it was observed in 
Figure 5.1 that pulp yield was independent of cooking time. 
The further increase in Kajjpa number observed during 70-90 
min, may be attributed to probable condensation of residual 
pulp lignin with some of the hydrolyzed intermediates from 
the tannin like i^olyphenolic extractives of eucalypts. The 
influence of temperature and active alkali become significant 
at the higher levels, Sulfidity range (15-27 per cent) 
adopted appears to have virtually no effect on Kappa nuraber. 
Increase in liguor— to— wood ratio to about 4;1 causes an 
increase in Kappa number. 

The graphs in Figures 5.4, 5,5, and 5.6 show the 
variations in strength properties — burst index, tear index 
and tensile index respectively, it can be observed that the 
strength properties are reasonably uniform about the optimxom 
pulping conditions, since the correlation coefficients 
obtained for the regression models adopted was only fair, 

5, 1,8,2 Representation by Contour Plots ; The regression 
models for eucalypt pulping experiments have shown that 
chemical charge (x^) and temperature are the two most 

important pulping variables affecting pulp yield and proper- 
ties, The response function (regression equation 5,3) based 
on 5 variables can be represented by a surface in a two- 
dimensional space formed by x^ and x^ with constant values 
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Fig. 5-6 -Univariate representation of response surface 
for tensile index (eucalypt). 
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selected for the three variables - and x^. Such 

contour representations are ver>’- useful in depicting the 
variations in pulp properties caused by change in chemical 
charge and temperature. 

Contour plot representation of pulp properties are 
reported in literature (Garceau et al., 1974; Mathur and 
Peterson, 1978; Chen et al,,197S), Garceau et al. (1974) 
have represented response surface of yield. Kappa number and 
ring crush in a 2-dimensional space as a function of active 
alkali charge and cooking time at maximum tempjerature in trie 
high yield (55-61 per cent) kraft pulping of balsam fir chips. 
Mathur and Peterson (1978) have obtained second— order regression 
equation model (equation 5*3) for pulp yield in the poly- 
sulfide kraft pulping of sycamore (hardwood). The combined 
response of either of two variables (5 variables total) has 
been represented as a three-dimensional surface, Ihe response 
surface for yield in hardwood softwood blend pulping by a 
two-dimensional surface is reported by Chen et al, (1978) 
with active alkali charge and hardwood fraction as variables. 

Figures 5.7 - 5,11 show the response surfaces of 
pulp yield. Kappa number, burst index, tear inaox and 
tensile index respectively for variations in active alkali 
(14-18 per cent) and pulping temperature (155-175°C). The 
remaining three variables have been kept constant at the 


central point conditions. 



Temperature, ®C CX2) 
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Active alkali, ®/oNa20(Xi ) 


Fig. 5-7 -Response surface of pulp yield for various values 
of active alkali an^ temperature Ceucalypt). 


TennperaturG,°C (X 2 ) 
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Fig. 5-8 -RGSponSG surface Kappa number (cucalypt). 




Fig.5-9 - Response surface of burst index (euca’ypt) 



Active alkali, "/o Nq 20 (Xi) 


5-10- Response sur iQcg of tec, index (eucalypt) 




Tempera turG.®C (X2) 
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Figure 5,7 shows the contour plots for different 
pulp yields (range = 45—53 per cent) and shows that various 
combinations of chemical charge and temperature can give 
the desired yield. The figure also shows that pulp yield 
decreases faster with chemical charge at lower temperature 
levels. The effect of temperature is relatively less above- 
active alkali level of 17 per cent. The above results are 
similar to the observations by Garceau et al« (1974) for the 
high yield pulping of balsam fir chi}ps. 

Response surface of Kapipa number (rarge = 21-37) is 
shown in Figure 5,8, The figure shows that at a given 
temperature level# lower levels of chemical charge (14-16 pe 
cent) do not have any apiDreciable effect on Kappa number. 
Temi^erature significantly affects Kappa number specially at 
lower levels of chemical charge. Thus# at 15 per cent acti'v 
alkali charge# increase in temi^^rature from 155° to 175°C 
decreases Kappa nimiber from 36,5 to 24, Kapi^a niomber is not 
affected much by pulping temperature below 165°C for chemiCc 
charges of 16-18 per cent; at higher temperatures both the 
variables have an api:)reciable effect on Kappa number and on 
increase in either would tend to decrease the Kappa nuniber. 
Figure 5,9 shows the resix>nse surface for burst 
index which varies from 4,8 to 7,6, Burst index is at a 
minimum at lower levcils of chemical charge and teiiperatuiu:: 
and improves with dclignification; a combination of low 
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chemical charge - high tornxjcraturo or high chemical charge - 
low tem’peraturo is favoured according to the contour x^lot-s 
in Figure 5,9. The burst index increases for pulps cooked 
v/ith 14-16 per cent active alkali at temperatures above 165 “C 
as well as with 17-18 x-)er cent active alkali at temi-joraturos 
around 165°C, 

Hov^ever, in contrast to burst index, the response 
surface of tear index shov/s a maxima at lower left comer 
(Figure 5,10) corresjxmling to low levels .f both the 
variables. Tear index usually increases with the progress 
of Cooking and forms a rising ridge towards the origin of the 
contour plot. 

The response surface of tensile index shown in 
Figure 5.11 suggests that both low chemical charge-temiaerature 
and high chemical charge-temijeraturo combinations give better 
tensile index and has a minima arciund 1.7 cent active 

alkali and 160° C, 

The contour lolots of strength proi^erties have been 

2 

obtained from regression equatitns with only fair (R =0,66 - 
0,76) cormlatitm coefficients and the results can be used 
as a guide to interpjrete the xJbedictod behaviour, Pulxsing 
conditions recommended to obtain the maximum x^^lp yi^ld and 
other x^mx^erties are given be lows 
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1, Unbleached grade kraft pulp in the Kai^pa number range - 27—33 




16 — 

17 . 5 % 

AA, 

165-170‘^C 

2, Good TDulp yield (45-49 per 

cent ) s 

16.5 

- 18% 

AA, 

165-170=C 

3, Burst index (6 - 7.4); 


14 - 

15% 


16 9-17 3 °C 

4. Tear index (8,2 - 8,4): 


14 - 

16% 

AA# 

157-161^0 

5, Tensile index (75 - 90); 


14 - 

15% 


157-161‘’C 


or 

17 - 

18% 


167-173°C 


Frc^ the above set of c ;nditi jns, it can be observe 1 
that the various pulp properties requ ire i.lif f eront pulpiiag 
ccinditions and a ccjmpromiso is necessary amc.ngst pulx^ yiol.; 
and the desirablo/acceptable range of the remaining ^rt^i-ertiec - 
Thus, at the central pc;int conditions, the yield (49.7 i>or cent/ 
is good with a Kax^x-’n number accex)table for unbleached p/Sj^er 
grade x^ulp; tear index = 8,3, tensile index = 71 and burst 
index = 5.3, compared to the maximura values of 8.4, 90, and 
7.0 resp^ectively, obtainable over the range of the x:)ulx:sing 
vari able s studie d . 



5,2 KRAFT PULPING OF PINE 


5.2.1 Exploratory Experiments : 

Three independent pulping variables - chemical 
charge, temperature and time ■were studied in an exploratory 
two— level factorial design (8 experiments) to determine 
the effects on pulp yield and other properties. The range 
of the three variables was arbitrarily selected to correspond 
to the range used for eucalypts. The other pulping conditions 
were held constant at central point conditions of eucalyx-it 
pulping experiments and are shown in Table 5.26, Table 5.27 
gives the pulping conditions and experimental results. 

The data were analyzed using Yates's algorithm to 
determine the effects of the variables and for the analysis 
of the variance to determine the significance of the 
variables, a sample illustration of Yates' algorithm for 

3 

a 2 factorial design for total pulp yield is given in 
Appendix III, Similar calculations were carried out for all 
the dependent variables and the results of the analyses are 
summarized in Table 5,28 showing the main effects and 
iteractions. Analysis of variance of the data has shown that 
only temperature is significant (at 95 per cent confidence 
level) for yield and active alkali consxmption while tempera- 
ture and time have a significant effect on Kappa number, 
Ana^sis of the experimental results leads to the following 
observations . 
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TABLE 5.26: KRAFT PULPING OF PINE 

PULPING CONDITIONS FOR EXPLORATORY 
EXPERIMENTS 


Variables 


Symbol 

Range 

-1 

(Levels) 

Chemical charge, ^ 

^0 Na20 

^1 

15 

17 

Tempe rat ure , ° C 


to 

16 5 

175 

Time, min 


^5 

60 

90 


Constants 


Sulfidity, % 

21 

Li gu< 'ir / wood ratio 

3.6 

Chip size, mm 

18-2 5 

Avg, thickness, mm 

4.7 

T ime - to- tempe rat ure 

90 


Coded variables 

= (chemical charge - 16)/1.0 
X 2 = (Temix* nature - 170)/5,0 
x^ = (Time ~ 75)/l5,0 
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TABLE 5.28; SllMf-lARY OF YATES'S ANALYSIS FOR THE MAIN 
EFFECTS 7.ND INTERACTIONS ~ EXPLORATORY 
EXPERIMEKTTS 


Main effects and 
interactions 

Yield 

BLS 

AA 

consumption 

Kappa no. 

A ve rage 

48.41 

21.39 

11.81 

76.99 

Chemical charge 

-0.93 

1,24 

0,24 

3.87 

Tempe rature 

-1.91^ 

2.13^ 

0,60^ 

-13.70^ 

Chem. charge - temp. 

-0.30 

-0.19 

0.04 

O.l-:- 

Time 

-0.41 

0.60 

-0.03 

-15,4.^ 

Chem . charge-time 

0,32 

-0.20 

-0.14 

-2.51 

Temperature-time 

0.86 

-1.03 

0,26 

4,04 

Chem • Cha rge-t emp- 1 ime 

-0,70 

-0.48 

0.04 

1.97 


^significant at 95 per cent confidence level. 
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1 • All the three variables tend to decrease 

pulp yield in the order - temperature, chemical 
charge and time. Chemical charge although known 
to be an important factor affecting pulp yield 
has turned out to be statistically less signi- 
ficant than temperature; this suggests the need 
of increasing its range to a higher level, 

2 , Both the temperature and tim-- tend to reduce 
Kappa mamber significantly. An increase in 
temperature in the range 165 - 175°C causes 
Kappa number to decrease by 13,7 units whereas 
increasing cooking time (60 - 90 min) decreases 
Kappa number by 15,4 units. The range of cht-;mical 
charge (15-17 per cent) adox^ted is rather low t-; 
reflect a significant effect on the Kapxja number; 
further, Kai:)X>a number range obtained in this 
study was also rather high (63-98), Consequently, 
the level and range of chemical charge is not 
adequate for satisfactory dolignification. 

The higher lignin content of the pine chix^s and the 
requirement for a lower Kai:)pa number (30-45) suggests the 
need for a higher chemical charge, Klex:)p>e (1970) has 
suggested 15»18 per cent active alkali charge (as Na^O) for 
the kraft puljjing of southern pines to obtain unbleached 
puli') with Kapioa n^mbfJr = 30-60, Thus, while the exx)loratc.ry 
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temperature range studied api:)ears to be adequate, the 
ranges e£ chemical charge and time must be increased for 
the subsequent experiments. 

5.2,2 Effect of Time-to-»Tempe natures 

The interacting effect of time-t<o-temperature (60, 120 
min) and temperature (165, 175°C) was studied by a simple 
factorial design and the results are analyzed by Yates's 
method, similar to the earlier study for eucalypt chips 
(section 5.1.1. Pulping conditions and results are summarized 
in Tables 5.29 and 5.30 respectively. 

The estimates of the effects show that pulping tenpera— 
ture is the most significant variable affecting both the 
total yield and screened yield. The effect of increase in 
time-to-temperature (60, 120 min) is secondary and only 
marginally improves the screened yield. The interaction effect 
of the two variables is small compared to the main effects 
unlike the earlier observation for eucalypt pulping. 

An increase in temiBrature (16 5, 175°C) reduces Kapija 
number by 27 points and is the most significant variable; 
time-to-temperature has no significant effect on Kappa number. 
The results of this analysis show that slow heating (60 mrn 
vs 120 min) has only a ^nominal effect on pane i^ulping even 
though it was -observed to be advantageous in the case of 
eucalypt pulping. Nevertheless, aa average value (90 min) 
appears to bo an appropriate choice for heating period and . 
has been selected for all the subsequent experiments of this 


study . 
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TABLE 5.29: KRTvFT PULPING OF PINE 

EFFECT OF TIME-TO-TEMPERATURE 
PULPING WiRI/vBIES AND CONST/iNTS 


Variable s 

Symbol 

Range 

(Levelsl_ 

Incremental 

-1 

1 

change 

TemiDerature , ®C 

^2 

165 

175 

+10 

Time-to-tempe raturo. 

min 

60 

120 

+60 


Constants ; 

Chemical charge, % Na20 
Sulfidity, % 

Liquor/wood ratio 
Time-at“tempe raturo, min 
Chip size, mm 

Average chip thickness, mm 
Coded variables 


17.5 

25 

3.75 

80 

-18+12 

4,0 (s.d, = 1.5) 


(Temperature - 170)/5,0 
(Time— to— temperature — 90)/30,0 
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TABLE 5,30: KRAFT PULPING OF PmE 

effect of TIME-TO-TEMPERATURB i'OJD TEMEE RATURE 


A. Pulping Conditions and Exporimontal 
Results 


Expt, 

Pulping 


Pulping 

Results 



no* 

conditions 

Total 

Screened 

BLS 

iVi con^ 

Kappa 

no. 


Temp. 

°c 

TTT 

min. 

yield 

% 

yio Id/ 

% 

sumption 

p-ii 

16 5 

60 

51.10 

48.54 

21.11 

12,28 

63.7 

P-12 

165 

120 

50.08 

49.39 

21.21 

12.16 

59.7 

P-13 

175 

60 

45.90 

44.48 

23.55 

12.87 


P-14 

175 

120 

45.56 

45.03 

24,57 

13.29 

3u.5 


B, Calculation of Main Effects and Inter- 
actions by Yates's Method 


Factors and Main effects 

interaction Total yield screened consum- K^pa 

yield ption no. 


Average 

48.16 

46 . 86 

22.61 

12.65 

48.05 

Time-to-temp, 

- 0.68 

0.70 

0,56 

0,16 

-1,90 

Tempo r ature 

-4.86 

—4 .21 

2,90 

0.87 

-27.30 

TTT X Temp, 

4 Tz-NTm 

0.34 

-0,15 

0,46 

0,28 

2.1 


interaction 
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5«2,3 InfXuGncG of Chip SI 20 (Tti-icIcnGss) 

Mill run pinG chips -were manually screened and hand 
sorted tc; rcraove irrogular/defective chips and knots. Three 
chixj fractions were obtained - (-12 + 6 mta )/ (-18 + 12 mm) 
and (-25 + 18 mm) with average thickness of 2,8 mm, 4.0 mm 
and 4,7 rran (25-30 per cent deviation) res^jectively. The 
length (5-35 inm) and thickness (2.0 - 6,0 mm) of the hand 
sorted chips were in the desirevl r.ange for the kraft x-ulping 
of pine chips. 

The influence of chi^j thickness, chemical charge, and 
temperature was studied with a two- level factorial design. 
The range of i>ulp)ing variables is shown in Table 5,31, and 
poulping conditions and experimental results are given in 
Table 5.32. 

Analysis of the data by Yates's algorithm is summarize 
in Tattle 5,33, and the significant effects have been marked 
with *a* in the table. The following conclusions are based 
on the above analyses, 

1. Temp^erature has a pronounced effect on pulpj 
yield and Kappa number compeared to chemical 
charge and chip; size, a 10°C rise in p>ulping 
tempDcrature (165-175°C) decreases total yield 
by 4.S per cent. Increase in chemical charge 
(16-19 per cent) decreases pulp yield by 2,9 p>er 
cent wheireas ■ chip thickness apT^oars to have no 
apjpreciable effect on total yield. 
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TABLE 5,31; KRT^PT PULPING OF PINE 

EFFECT OF CHIP THICKNESS 

PULP* IMG Vr.RIADLES PJJD CON-STANTS 


Variables 

Symbol 

Range 

(Levels) 

Incre- 
mental 
Chang o_ 

-1 


Chemical charge, % Na 2 ^ 

^1 

16 

19 

+3 

Tempo raturo , °C 

^2 

165 

175 

+lu 

Chip size, mm 

^6 

-12+6 

—25+18 

+ 12 

Average chip thick- 
ness, imi 


2.82 

4.73 


Standard deviation 


0.76 

1.32 

— 


Constants 



Sulfidity,% 


25 

Liquor/wood ratio 


3.75 

Time-at-tempe raturo , 

min 

80 

Time-to- temperature , 

min 

90 

Coded variables 




= (chemical charge - 17,5)/1,5 
X 2 = (temperature - 170)/5,0 
x^ = (average chip size ~ 15)/6,0 
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TABLE 5,33; KRAFT PULBUiG OF PINE 

EFFECT OF CHIP THICKNESS 

MlIN AND INTERACTION EFFECTS OF VARiZiBLES 
BY YATES'S METHOD 


Main and inter- 
action effects 

Total 

yield 

% 

Screened 

yield 

% 

Re je cts 
% 

Ail con- 
sumption 
% 

Kappa 

no. 

Average 

46.27 

45.00 

1.27 

12.40 

47,59 

Chem. chcirge 

-2,89^ 

-1.55 

-1.34 

0.81^ 

-7. 5. 

Temperature 

-4.84^ 

-4.46^ 

-0.38 

1.11^ 

-28,5. 

Chem. -temp. 

0.29 

-0.07 

-0.43 

0.10 

3 . w 

Chip thickness 

0.19 

-2.16^ 

2.35^ 

-0.19 

4 . 53 

Chem . -thickne ss 

-0.49 

0.77 

-1.26 

0.28 

-0.93 

Temp, -thickness 

0.73 

1.07 

— 0. 34 

-0.06 

-2.83 

Chem. -temxj.- thickness -0,02 

-0.45 

0.43 

0.03 

-1.73 


^significant at 95 per cent confidence level 
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2» Reduction in chip thickness reduced screen 
rejects to gi've higher screened pulp yield. 

Thus, reducing chip thickness frum 4,7 mm 

(-25 +18 mm fraction) to 2.8 ram (-12+6 mm fraction) 

increased screened yield by 2,2 per cent. 

Increase in chemical charge also reduces screen 
rejects. Interaction effect between tem^jerature 
and chip thickness shows that thin chix;s cooked 
at lower temperatures will give higher screened 
yield. These results are in agreement with the 
results rei;x)rted in previous studies (Hartler and 
Onisko, 1962; Borlew and Miller, 1970) , 

3, increase in chemical charge or temie nature increases 
active alkali Consumption, Increase in chip thick- 
ness in the range studied has no appreciable effect 
on active alkali consumption. 

4, Temperature is the most significant variable 
affecting Kappa number. An increase in temixarature 
from 165 to 175°C rcduces Kappa n-umber by 28.4 
units similar to the ...observation in the previous 
section (5,2,2), A 3 per cent increase in chemical 
charge (16-19 per cent) reduces Kappa number by 
7,6 units. Increase in chip thickness (in the 
range studied) increased Kappa number by 4,5 xxnits 


as expected 
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It Can conclu'lsu from the above observati(.jns 
that thin chips pulped at lower temperature levels increase 
screened pulp yield. Borlew and Miller (1970) have reported 
3 mm thick chips as optimum for yield and unifurraity. Pino 
chips (fracti'.;,n -18+12 mm) with an average thickness of 4.0 mm 
was selected for the subsequent experiments. 

Fractional Factoirial Design ; 

Among the seven independent pulping variables in the 

kraft digester system# the effects of time-to-tenqjeraturo 

(section 5,2,2) and the influenco of chip size (section 5.2,3) 

were studied separately and apprcjpriate constant values wore 

selected for the siabsequent experiments. The heating period 

was maintainerl constant: at 90 min and fractiL^natod chips 

(-18 +12 mm# average thickness -4.0 mm) vjere used for all txho 

experiments. Consequently# the effects of tte remaining 

five inde^jondent variables - chemical charge# temperature# 

sulfidity# liquor-to-X'/orjd ratio and pulping time were studied 

5 

using a half replicate of a 2 factorial design# with six 
iropjlicate experiments at the central point conditions, 

5, 2, 4,1 Regression Analysis of Experimental Data : The range 
of the pulping variables studied are given in Table 5,34, 
Details of the pulj'^ing conditions and the experimental results 
are given in Table 5,35, Runs P-31 to P-46 belong to the 
half-fraction factorial design and runs P-47 to P-52 are the 
replicate runs at central point conditions* The average 
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T7i.BLE 5,34: KRAFT x'ULI'ING OF I^INE 

I‘UL1*ING V?iRl7i,BIjES CONSTANTS 

o5 

2 PACTORIA.L DESIGN WITH HALF REPLICATE 
AND REPE/.TED EXl'ERE^ENTS AT THE CENTIME 
POINT 


Variables 

Symbol 

Range 

(Levels) 

Incrcmen- 

-1 

c; 

+1 

tal Oivange 

Chemical charge, 

‘/o Na^ ^ 

^1 

16.0 

17.5 

19.0 

+1,5 

Tempe rature , ° C 


165 

170 

175 

+5.0 

Sulfidity, % 

^3 

20 

25 

30 

+5,0 

Liquor/wood ratio 

^4 

3.5 

3.75 

4.0 

+0.25 

Time , min 

^5 

60 

80 

100 

+2e 


Constants 

Chip size^ mm -18+12 

Avg. chip thickness, mm 4,0 

Timo-to- temperature, min 90 

Coded variables 

= (chemical charge -17,5)/l,5 
X 2 = (temperature - 170)/5.0 
= (sulfidity -25)/5.u 
x^ = (liquor/wood ratio — 3,75)/o*25 
x^ = (time -80)/20 
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TABLE 5,35: KRAFT PULPING OF PINE 

5 independent variables 


A. Pulping Conditions 


Expt, 

no. 

Chemical 

chai?ge 

% 

Temperature 

°C 

Time 

min 

Sulfidity 

% 

Liquor- to- 
vrood ratio 


h 

X2 

^5 

^3 

^4 

P-31 

16 

16 5 

60 

20 

4.0 

P-32 

19 

165 

60 

20 

3,5 

P-33 

16 

175 

60 

■ 20 

3.5 

P-34 

19 

175 

60 

20 

4.0 

P-35 

16 

16 5 

100 

20 

3.5 

P-36 

19 

16 5 

100 

20 

4.0 

P-37 

16 

17 5 

100 

20 

4.0 

P-38 

19 

175 

100 

20 

3.5 

P-39 

16 

165 

60 

30 

3.5 

P-40 

19 

165 

60 

30 

4.0 

P-41 

16 

17 5 

60 

30 

4.0 

P-42 

19 

175 

60 

30 

3,5 

P-43 

16 

16 5 

100 

30 

4,0 

P-44 

19 

16 5 

100 

30 

3.5 

P-45 

16 

175 

100 

30 

3,5 

P-46 

19 

175 

100 

30 

4.0 

P-47 

17.5 

170 

80 

25 

3,75 

P-48 

17.5 

170 

80 

25 

3.75 

P-49 

17.5 

170 

80 

25 

3,75 

P-50 

17.5 

170 

80 

25 

3.75 

P-51 

17.5 

170 

80 

25 

3.75 

P-52 

17.5 

170 

80 

25 

3.75 
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Table 5,35 contd 


B. Experiinental Results 


Expt , 
no. 

Total 
yie Id 
% 

Screened 

yield 

% 

Black 

liquor 

solids 

% 

AA consum- 
ption 
% 

Kappa 

number 

P-31 

45.38 

43.02 

17.75 

10.89 

73,8 

P-32 

41.20 

40.74 

22.82 

11.34 

53.7 

P-33 

44,46 

43.52 

24.43 

12.02 

46.9 

P-34 

43.29 

42,88 

22.13 

12,63 

40,4 

P-35 

47,83 

46.39 

22.60 

11.42 

70.3 

P—36 

45.00 

44.47 

21.87 

12.19 

48.3 

P-37 

43.67 

42.53 

19.03 

12.73 

50,8 

P-38 

41.50 

41.36 

20,87 

12,32 

30,4 

P-39 

50.28 

47.76 

21.43 

11,35 

72.8 

P-40 

48.72 

47.63 

20,62 

11.39 

59.6 

P-41 

47,55 

45.52 

17.96 

11.41 

50.5 

P-42 

44.81 

44 . x4 

22,51 

13.65 

32,6 

P-43 

48.20 

46 . 46 

17.23 

12,35 

59,6 

p-44 

46.78 

46.70 

23.80 

12.58 

31.3 

P-4 5 

43.66 

43.13 

24.39 

12.18 

37.7 

P-46 

43.09 

43.01 

22.15 

13.42 

31.3 

P-47 

47.17 

46,49 

23.51 

12.70 

53.2 

r-48 

48.38 

47.69 

22.83 

12.45 

44.4 

P-49 

44.87 

43.76 

22.99 

11.94 

53,6 

P-50 

45.56 

44.93 

23.92 

12.00 

43,2 

P-51 

45.60 

44.18 

22.29 

13.16 

43.2 

P-52 

45.56 

44.64 

23.50 

11.73 

57.4 
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Table 5,35 ccntd 


C, Strength Properties 


Expt , 
no. 

Burst 

index 

1,-. 2 -1 
kpa m g 

Tear 

index 

mN 

Tensile 

index 

N' m 

r-31 

6.39 

12.51 

74.57 

P-32 

6.51 

12.43 

79.13 

r-33 

6,06 

9.38 

86.59 

r-34 

5.98 

12.51 

88,93 

r-35 

5.68 

12,32 

75.97 

P—36 

6.42 

13.07 

78.67 

P-37 

6.86 

12.51 

86.97 

00 

ro 

1 

5.67 

11,38 

80.98 

r-39 

6,26 

12.69 

85.96 

0 

1 

6.68 

12.07 

73.56 

P-41 

6.77 

12.40 

83.02 

P-42 

6,46 

13.50 

76.20 

P-43 

6,51 

13.30 

73.27 

P-44 

7.83 

14.07 

80.43 

P-45 

6.99 

11.41 

89.27 

P-46 

6.80 

11.81 

89.50 

P-47 

6.89 

11.93 

89.00 

I'-48 

6.37 

15.48 

75.79 

P-49 

7.32 

10,82 

75.89 

P-50 

7.33 

13.98 

83.73 

P-51 

6,53 

14.30 

74.72 

r-52 

6.50 

14,08 

75.42 
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values and the standard deviation in the data obtained at 
the central point conditions are given in Table 5,36, 

Standard deviations for all the dependent variables can be 
regarded as satisfactory, although the values for Kappa 
number (5.0), burst index (0.43) and tear index (1.72) are 
rather high. The latter can be attributed to the hetero- 
geneoius mori-'hological and chemical character of the pine 
chixjs. 

The range of dependent variables studied and the total 
variation observed in the dependent variables are given in 
Table 5,37, a comparison of the latter with the estimated 
experimental error shcjws that the responses observed can be 
regarded to be statistically significant and all the pulping 
variables would significantly affect the pulping results. 

The experimental data were correlated with a polynoaial 
regression equation consisting of linear and interaction 


terms, equation (5,4): 




b.. . x,x 


iJ iJ 


(5.4) 


The sixteen parameters were estimated by the method of least 
squares and the results are summarized in Table 5*38* A 
typical example of a regression equation for total yield is 
given by equation (5^5)^ 
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TABLE 5,37; KRAFT i'ULi'TNG OF FINE 

RJV.NGE OF I-ULi^NG VJiRL'-iBLES EVALUATED 


Dependent varisible 
(Response) 

Range 

Total 

variation 

Standard 

deviation 

Total yield# % 

41,2 - 50.3 

9.1 

1.314 

Screened yield, % 

40.7 - 47.3 

7.1 

1.505 

Black liquor solids, 54 

17.23- 24.43 

■ 7.2 

0. 534 

7\A consumption, 54 

10.9 - 13,7 

■ 2.8 

0.540 

Kappa number 

30.4 - 7U.8 


6.283 

2 -1 

Burst index, kPa m g 

5.6 - 7.9 

2.3 

0.425 

2 -1 

Tear index, itiN m g 

9.3 - 15.5 

6.2 

1.717 

Tensile index, N m g”^ 

73.2 - 89.3 

16.1 

5.845 


TABLE 5.38: KRAET PULPING OP PINE 
MTHEmTICAL MODEL 
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Total pulp yiold, per oant 


= 45.57 - 1.04x^ _ 1 . 33 X 2 + 1 . 29 X 2 + 0.27x^ -0.37x^ 
+0.20x^X2 + o.25x^X 2 + 0.45x^x_^ + 1.29x^X2 -O. 52 X 2 X 

+0.12x2X^j - O.eSx^x^ - 0.02x2X^ - O.SSx^Xg-O.aSx^^^ 

(5.5) 

(R^ = 0.90) 

Good Correlation was obtained for total pulx-i yield# 
screened yield. Kappa nxomber, black liquor solids and active 
alkali consumption with = 0.899, 0.823, 0.942, 0,829 and 

0.884 respectively. Correlation was satisfactory for burst 

2 9 

index (R = 0.754) and tensile- index (R =0.72) and was 

2 

poor for tear index (R =0.46), The poor correlation observed 
in strength property data are similar to the results obtained 
earlier for eucalypt pulps. It can be attributed to the 
inevitable factors relating to pulp post -digestion treatment 
steps besides the abnorraal fiber dimensions of the hetero- 
geneous pine chips used. 

Fiber length and vrall thickness have an important 
influence on the strength properties of the i^aper x^r-xluced. 
Long fibers are m^jro flexible while thin-walled fibers teiid 
to collax;se on drying to form flat ribbons. These flattened 
ribbons offer greater opixjrtunity for fiber-fiber contacts 
than thick-wallod fibers and hence pr^.duce x^ap-cr of high 
bursting and tensile strength. Long fibers in general give 
better strength properties provided they are thin-wallod 
(flexible). The benefits of long fibers are offset by the 



coarsness (wall thickness) o£ the fibers. Tear index is 
directly prox/ortional tc> the slenderness ratio (length/ 
diameter) of the fibers, Atlow levels of pulp refining^ 
thick-walled fibers pr- duce a relatively bulky papor, which 
is low in tensile and bursting strength but has high tearing 
resistance (Clark/^ 1978), 

The average fiber length (5,0 ram) of the xjino 
studied is higher than the average length rexx-rted f^r nvirmal 
’pines (3,5 ram); the diameter is comijarable to the normal 
X'ines (32-43 p-in) • HovTever, the fiber wall thickness (10,1 — 
15,1 lira) is about four times higher than the weill thickness 
of normal (2,4 - 3,8 p^m). Large variations in the 

fiber dimensions have resulted in a ituli^ of heterogene(,;us 
strength behavi.-.ur. Thick walled fibers have given Icjwer 
burst index (5,6 - 7,9) compared to normal pines (6-10), The 
tensile index (73—89) is also on the lower side corax^ared tvj 
normal x^ines (80-125). The tear index (9,3 - 15.5) obtained 
is cc )mi-)arablo t^ ■ normal kraft loulx). 

The x^olyn..mial regression equation (5.4) gives the 
best estimates of yield. Kapi^a number and strength xjroix-'rties 
fe.r the kraft x^nlx-^ing of chix^s and ha.s been used in 

stab sequent studies, 

5.2,5 Miscellaneous Models ? 

Miscellaneous kraft xjulxjing models were tried with the 
data of the i^ine x^ulping experiments similar to oucalyxjts 



and the correlations were observed to be loss satisfactt.ry * 


The results of. the various trials are sumiTiarizecl bel-. -w; 

1. Regression model fitted with effective eilkali 

as a variable gave essentially the sane correlati^^n 
Coefficient for yield and Kapj_ a nmaber (similar 
to eucalypts). 

2. Regression model using H-f actor in the second- 

order model (equation 5,4 plus square term for 

H-factor) gave good correlation for Kappa number 
2 

(R =o»89) but was poor for yield, 

3. Sulfidity and liquor-to-wood ratio. were also 
included in Hatton (1973) medal (model 10, Table 2,2 ) 
and active alkali instead of effective alkali was 
used. The model gave a good fit for Kappa number 
and the correlation was very po..jr for yield. 


K = 225,47 - 15i39[(;u^)‘^*^^ log (H) ] - 0,546(S) 

+ 8, 524(D) 

2 

R = 0,83 

4, The logarithmic models proposed by Chari (1973), 

and Lin et al, (1978) modified with the 

inclusion of sulfidity were satisfactory for 

2 

Kappa number with R = 0^85 but poor for yield. 


(D)0.884 

2.095 


(AA) 


^H)0.513 ^gjO.299 


K = 675834 



However, the value of the constant (675834) is very large 
compared to the range given by Lin et al. (1978) for 
seven hardwoods (1835-3976) and the exponent of the variables 
are also quite different (Table 2.2), 

The results of the above analysis shows that the 
second-order model (equation 5.4) correlating the effects of 
the five pulping variables would give a satisfactory represen- 
tations of the digester responses similar to the cjbservations 
for eucalypts. 

5,2,6 Effect of Pulping Variables : 

An examination of the mathematical model for pulp 

» 

yield (equation 5»5) shows that the absolute effect of each 
independent variable is not clearly distinguishable because 
of the presence of interaction terms in the regression 
equativ-^n. However, their effects can bo visualized by 
comparing the magnitudes of the coefficients of the linear 
terms. The effects cf individual variables on yield and 
Kappa number is discussed below, A satisfactcjry interpretati'on 
of the effects of the variables on the strength properties 
is rendeired difficult by the Jow correlativ.jn coefficients and 
the heterogeneous physico-chemical characteristics of the 
pulp fibers obtained v/ith the abn^^armal joine chips used in ; 

this work, 

5.2,6, 1 Pulp Yield: Equatu.'n (5,5) shows that sulfidity is 


the m.;.st imp(.rtant variable influencing screened yield. 



Temperature and chemical charge are <abserved t*,' be the 
next important piilping vai'iables. Earlier wurks reported 
in the literature on the pulping of sc.'ftwo. /ds (Hinrichs, 

1967; Bailey et al,, 1969; Hatton ot al# 1971; Gareeau et al-./ 
1974; Hatton, 1976) shows that chemical charge is the most 
important pulping variable and temperature comes only next 
t") it. This may be attributed due to the fact that in the 
j)revious studies, a wider range and higher level of chemical 
charge (12-22 per cent effective alkali) have been used. Tno 
Icwer chemical charge used in this work v;as pr. mpted by a 
bias towards the level used for the pul]:ing of eucalypt chips, 
Sulfidity (20-30 per cent) increases the screened puli^ 
yield similar to the observations of Bray and Morton (Rydb.lm, 
1965; 13,624) and Hinrichs (1969) above 20 per cent sulfidity 
at Constant active alkali, ICleppe (1970) reports that the 
influence of sulfidity in the range (15-40 per cont) is much 
more in sc^ftw-.'ods (pine) compared to hardw^iods and is in 
agreement with the results of this study. An increase in 
temi^erature or chemical chargo reduces pulp yield. Time and 
liquf 5 r-to-w( 3 od ratio have sh<.jwn a rather small c^^ntributisn 
to screened pulp yield. Significant interactions are al&..‘ 
observed between chemical charge-liquor-to-wood ratio, 
temperature-sulfidity, temperature-time and sulf idity-time , 

5. 2,6,2 Kappa H-umber t Pulping temperature has the most 
significant influence on Kappa number as shown by the magnituc 



of the coefficiv^nt in equation (5.4), (Table 5.38)* 

The other imi>artant x->ulping variables in the order of 
decreasing influence are chemical charge and time; an 
increase in either cr b. )th decreases KaTjpa number. Increase 
in sulfidity appears to decrease Kappa nunber while liquor- 
to-wocjd ratio causes a small incroase in Kaiipa number. The 
effects of sulfidity and liqu;jr-tk.--wood raticj are small 
cr^jjared to the effects of temp^erature, chemical chargu and 
time. Significant interactions are observed between chemical 
charge-temjpe rature , chernical-charge-liqu- irjwtx.c^ ratio, and 
sulfidity— time , The trends are in general agreement withi the 
related studies with normal pine chips, 

5.2,7 Reconmended Pulping Conditions ; 

The regressi- n equatic'ns fo'r the kraft xjuli^ing of pine, 
equation (5,4) were used to' determine the outimirn xjul]ping 
conditi.uis to give maximum yield and/or strength proxxirties 
and the Constrained Rosonbrock method was used for cqjtimizntia'n 
similar to the earlier analysis with eucalypts. 

Several trial combinations of any two/three constraints 
from among yield, Kapi>a number, and strength i>roporties were 
used for the optimization study. The results of all the 
trials are summarized in Table 5,39, The objective was t>..- 
maximize the response sbiwn in Cvjlumn (2) subject to tho 
constraints in column (3). The optimxam puli>ing c olitions 
and the estimates of the maximum value of the desired objective 



-p 

G) 

Pi £ 

P ^ 

Pi fd 'H 


CD iD ^ 

• ♦ • 

cJ^ 'a^ vo 

i-O 

II If II 


, _ JO CD CTi 1 

^ vo •-ir^ vo 1/1 -H 3 vo o 

, •^•* .•••<• ♦•♦c-H * 

!• v 0 'Jt^'^O'vJ'|>'^V 4 DO 

-H ^Ji ^ ^ ^J, ;i, 

" II I! n II II n n ii ii d » » 


>^ ra 


^ 5 H h-h m h h -h 
wjsjcQBjHi^cn E^>^t^a 


O -H 
-H h-i >H 
4J |r--l 4J 
•rjbS H 
^C 3 W ^0 



1 CO 

vO 

I> 

0 


0 

i vX) 

0 

vO 


kO 


i 

tH 

rH 

rH 

iH 





i CO 











IS! 

CO 

0 

• 





tH 



• 


• 

H 

4J 

Cn 

I 0 r- 

CO 

O 

CD 

0 


■ 0 in 

CO 

CO 

tn i;D 

SI 

a 

c 



vO 


0 

1 


LO 


'=^ 

in 

H 

-H 

iV 

1 II 








1 


} 

£;"^ 

fd 

p 

i 5 

1 

1 

{ 

1 


1 

I 

1 

1 

i~i 

5-1 







• 


0 

CO 

0 

4J 


1 in . 

f^O 

0 

CNJ 

0 

CD 

CD 

0 

• 

CD 

0 • 


CO 

S 

1 CD vD 


CD 


CD 

fH 



'D 


0 

«0 

c 

fd 












CTi 

0 


!1 11 

!l 

11 

If 

n 

il 

n 

11 

11 

!l 

11 II 

CD 

0 












« 



1 fd 

T5 

fd 

cd 

d 



rd 


T> 

fd 

Ul 



P. 

r-{ 

P< 


P 


r-| 



rH 





0. 

OJ 

Pu 

0 

P. 


05 

0, 


0 

Pi 




fd H 

-H 

I'd 

-H 

d 

H 

•H 

rd 

H 

-H 

fd H 

P3 

m 



::4 m 

>< 


[“• 


m 

>^ 

I/, ctl 


165 


and cjther pulp properties c;btainablo are also given in the 
table , 

Fc^r examj^^le, in trial 1, the objective was to maximize 
pulp yield, subject to the constraints on Kappa number and 
burst index in the range 35-60 and 6. 4-7. 8 respectively. 

The maximum yield was 49,37 ixir cent for the oxjtimum c^nd.itiens 
shewn in the table; the Kappa number and burst index of the 
pulp were 59,0 and 6.47 respectively, in trial 3, tnree 
constraints were introduced (yield: 43—48/ Kappa number: 30—60; 
tear index: 12,7-14,3) and the pulping conditions determined 
for maximum burst index; the pulp had the following properties 
- yield = 46.2, Kappa number = 40,4, burst index =7.68 and 
tear index = 14,12, in trials 4 and 5 tear index was maximized 
subject to constraints on yield. Kappa number and burst index 
for the ranges shown in the table. These two trials differ 
in the initialization values of the variables for the 
optimization program; lot-x^r levels of the variables for trial 4 
and higher levels for trial 5, The results are quite similar 
and confirms the fact that the optimization method is working 
well with this system. The estimates of the pulping conditions 
for maximum burst index (trial 3) are close to the estimates 
for maximum tear index (trials 4 and 5) with a slight variation 
in pulping time. 

Pulping experimfints (P-71, P-72, p-73) were conducted 
in triplicate adopting the conditi..ns of trial 3 and the 



XbO/lbV 


results are suirmarized in Table 5,40, which also gives the 
estimates based on 'Constrained Rosenbrock Method', The 
results show vary go>od agreement for pulp yield (98 jc-r cent) 
and the agreement is within 4 per cent for tear index and 
tensile index and 14 per cent for Kappa number and burst 
index. 

The results of the various trials for the location -..f 
the optimum pulping conditions sh-. >w that the predicted values 
of chemical charge, sulfidity and time are near the upper 
level while temperature and lique r-to-wood ratio are at the 
lower level of the exijerimental rcjgion. These predicted 
conclitions corresponding to the extremes of the experimental 
region cannot be said tu re^^resent the true optimum, A true 
or global optimum could have been obtained if a wider range 
of the pulping variables were studied, especially for chemical 
charge, sulfidity and liquor-to~wood ratio. Consequently, 
the conditions recommended in Table 5,40 may be regarded as 
the best conditions corresiDcuding to maximum burst index/tear 
index obtainable with the imposed Constraints on pulp propertie 
over the experimental regiojn t;f this study, 

5,2,8 Representation of the Response Surface ; 

5, 2, 8,1 Univariate Representation ; Univariate representation 
of the response surface for screened yield and Kappa number 
during the kraft pulping of pine was obtained by the regression 
equaticjn models (Table 5,38) vdaile keeping all variables at 
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T7iBLE 5.40; KRJiFT TULPING OF T'lNE 

BEST rULTING CONDITIONS iJMD PREDICTED 
RESPONSES 

COMLViRISON WITH THE ACTURL PULI TNG INSULTS 


Variables and 
responses 


Best pulping 

conditions 


Esti- 

mates 

r-71 

P-72 

. - Mean 

(Sxptl. 

Constant conditions 

Chip size range, mm 

-10+12 

-18+12 

10+12 

-10+12 


Avg, thickness, mm 

4«0 

4 « o 

4.0 

4.0 

•** 

Time-tO“ temperature. 

90 

90 

9o 

9'-' 

-- 

min 

Pulping variables 

Chemical charge, % Na 2 C' 

19 

19 

19 

19 

— 

Temperature , °C 

167 

167 

167 

167 

— 

Sulfidity, % 

30 

30 

30 

30 

BO. 

Liquor“tO“WOod ratio 

3,5 

3.5 

3.5 

3,5 


Time, min 

93 

93 

93 

93 

mm 

Responses 

Pulp yield, % 

46.2 

45.7 

45.3 

44.9 

45.3 

Black liquor solids, % 

24, 

21.2 

21.5 

21.4 

21.4 

M\ consumption, % 

12.7 

13.1 

12.6 

- 

12,9 

Kappa number 

40.4 

53.1 

53. u 

31.6 

45.9 

2-1 

Burst index, kPa.m g 

7,60 

7.02 

6,70 

5.93 

6 #55 

2 -1 

Tear index mN m g 

14.12 

15.13 

14.62 

14.09 

14.61 

Tensile index, N m. g 

79.63 

76,89 

77.43 

75.91 

76.74 

Folding endurance 

- 

10e7 

1300 

115+ 

1154 
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thG bost predetermined ccinditions and varying only a single 
variable uver the experimental region# as was done earlier 
for eucalypts. 

Figure 5,12 shc:)V 7 S the effect of change in ctx^king 
co/nditiems on screened yield. Temperature has the maximum 
influence on yield. Chemical charge appears to have less 
effect c<.')mpared t(.i temxjerature. Increase in sulfidity or 
liquor-to-wuod ratio has a ];ositive effect on yield an:l 
pulping time has essentially no effect. 

Figure 5,13 shows the effect of xiulx^ang variables on 
Kappa number of the puljo, Kaxpa number decreases with an 
Increase in the level of all the vari-ebles excex'jt lic£uor-to~ 
wood ratio, Kajpa n\mber a^ pears t<.' be most sensitive to 
chemical charge at the best predicted conditi ns since its 
slope is maximum. All the variables show a linear effect on 
puli'; Kappa number. 

Both the screened pulp yield and kaj_5pa number have 
shown linear deiondence on the pulping variables in the range 
studied unlike the behaviour c;btained for eucalypt p>uli.jing. 
This may bo attributed to the fact that pulping variables 
were probably studied over a narrower range and no maxima/ 
minima are observed in the curvris. With a wider range# true 
(global) optim'um conditions could have been located. 

5. 2.8, 2 Representation by Contour Plots ; The regression model! 
for pine i^ulping exix^rimonts have shown that chemical charge 
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AA -Active Qll<Qli.% 

T -Temperature, 
S -Sulf)dity,®/o 

D -Liquor :wood 
t -Time, min 



421 I i i 


AA 

16-0 

16-6 

17-2 

17-8 

18-4 

19-0 

T 

165 

167 

169 

171 

173 

175 

S 

20 

22 

24 

26 

28 

30 

D 

3-5 

3-6 

3-7 

3-8 

3-9 

■ 4-0 

t 

60 

68 

76 

84 

92 

100- 


.5-12 -Univariate representation of response surface 
for :.creened yield (pir._}. 




AA-Active alkali ,®/o 
T-Tcmpcrature °C 
S-Su!fidity,°/o 



5-13- Univariate representation of the response, surface 
for Kappa number (pine). 
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and temperature are tl^e two mc^st Imijortant variables 

affecting pnl'p yield and proxaerties. The resxv^jnse surface 
equatic;n (5,4) can be rexoresented by a surface in a two- 
dimensie-inal sx^ace by keex^ing throe variables (xy x^) 

cemstant at the ox>timum value and varying <'/nly the chemical 
charge and temxaerature* 

Figures 5.14 and 5,15 sh.w resx^onse surfaces of screonod 
Xaulx? yield and Kax^x-a number fur the exx^orimental range of 
active alkali (16-19 per cent Na20) and terax^erature (165-175‘'C) 
with sulfidity = 30 per cent/ liquor sw'.'c.d = 3,5/ ana X'^^b-^^9 
time = 93 min. 

Contour lines of constant yield (range = 42,5 - 48,0 x>er 
cent) sh;..<ws the vari' >us x^-^ssiblc combinations of chemical 
charge and temxie rature , Figure 5,14, The contour lines arti 
observed to be parallel in the range studied similar to the 
results rex'orted by Gareeau et al,(1974). The resxjonso 
surface of. Kax^x^a number (range = 18—59) in Figure 5,15 shows 
the strong influence of both the chemical charge and tempi rature^. 
These plots give the fallowing ranges of active alkali and 
temxierature for the desired yield and Kar^pa number of unbleached 
Xiine kraft pulp. 

Pull) yield (45-47 ijer cent): 17-19 iJ 2 r cent AA/ 166-171 'C 

Kaiva nujitoer( 35-50) ! X7-ie per cant AA, 166-172''C 
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17 18 

Active alkali ,®/o Nq 20 (X-j ) 


Fig. 5*14-RGL5ponse surtoce of screened yield tor various 
values of active alkali- and tcmperature(pihe). 


Sulfid!ty,X3=30-0% 
Liquor; wood, X4r 3-5 
Tinno.X5=93rTiin 


Active alkali, % Na20(Xi) 


hig. 5-'’ 5- Response surface of kappa number for van ;*us 
values of active alkali ana , temperature (pine}. 



5,3 KRAFT PULPING OF EUCALYPT AND 
FINE CHIP BLENDS 

The optimum conditions for pulping of eucalypts 
(section 5,1,7) and the best conditions recommended for 
the pulping of pine (section 5,2,7) according to this 
study are summarized below: 


Variable 

Eucalypt 

Pine 

Chemical charge, per 

cent 16,8 

19.0 

Tempe rature , °C 

170 

167 

Sulfidity, per cent 

20,7 

30 

Liquor-to-wood ratio 

' 3,63 

3.5 

Time, min. 

57 

93 

The higher chemical 

charge , su 1 f i Jity 

and pulping 


time for pine are necessitated by the higher lignin content 
of pine (33,1 per cent) conpared to eucalypts (28,5 per cu;nt) 
based on proximate analysis of extractive free vraod meal 
samples. The a -cellulose content of the eucalypt was higher 
(49,8 per cent) compared to pine (46,3 per cent) and the 
former also contained an appreciable quantity (about one— sicuii 
of alkali soluble polyphenolic extraneous conponents. Thu 
eucalypt chips contained 17 per cent pentosan compared to 
about 9 per cent in pine. The above factors would lead to 
a higher yield of eucalypt kraft pulp compared to pine, 

Eucalypt chips cooked at the optimum puJ.ping conditions 
give 47,5 per cent yield at a Kappa number of 27,2 with the 



following strength properties; burst index = 5.3, tear 
index = 8.1, tensile index = 75,6 and folding endurance = 

540, These strength properties are comparable to the 
results reported by Phillips et al, (1967) and Higgins (1970) 
for Australian native eucalypts. The l^est conditions for 
the pulping of pine chips have given pulp yield of 46,2 
per cent at a Kappa number of 40,4 with the following 
strength properties; burst index = 7.7, tear in^ex = I'^i.l, 
tensile index = 79,6 and folding enduranos = 1154, A 
comparison of tho strength properties of the above-, pulps 
shows that the long fibers of pine kraft pulps (avtrirage 
length - 5,0 mm) give superior tearing strength and folding 
endurance. The short fibers of eucalypt pulps (average 
length - 0,63 mm) would give good sheet fommtion with a 
smooth surface and the tensile index is comparable to the 
pine pulps, 

Eucalypt pulps are also reported to have low wet web 
strength, drainage properties and runnability on the paper 
machine (Higgins, 1969, 1970). Thus it will be necessary 
to improve the sheet forming behaviour and strength proi>ertiv->- 
of the eucalypt pulps. This study deals with the latter 
aspect by considering suitable blending procx.dur>-s with 
pine which would also improve the performance on the pai^^r 
machine. The pulp of the desired strength properties can 
be obtained by either pulp blends or by using chip blends 
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fo3r pulping, , Eucalypt anl pins pulps con bs blondsJ 
in various proportions and beaten to the desired frseness 
level for strength 'levelopment or the eucalypt and x^ine 
pulx3S can be beaten scxjaratsly and subsequently blended 
X^rior to sheet formation. The comxx'Site x-^ulx) from pulijing 
binary chip blends can also be beaten to obtain the 
necessary strength characteristics. 

Studies on So£tv7<. iwd/Hardwood Blends ; 

Pt.olishod literature is available on both the above 
asx^ects of blending - x-5U.lp blonds, and chixo blonds. Phillijjs 
et al, (1967) have studied the blen.Jing of vari./us prox^^rti, ns 
(0-100 per cent) of sex>arately beaten oucalyx^t (E.divorsiCv i>.r) 
and pine (p. pinaster) kraft pulps and rcxjorted considerable 
improvements in the tearing resistance and folding endurance 
of the former with no majv)r effects on the bursting and 
tensile strengths* It was alsr^ observed that good tearing 
strength was obtained for the pulp blonds using lightly' 
beaten x^ine kraft i^ulp. Colley (1973) has studied blonis 
of eucalypt (E, tetrodonta) and pine (p, radiata) x^elx^s 
refined to different fressness levels in a PFI mill, Thu 
strength proxporties uf the i^ulp blends can bo estimated 
as the weighted average value of the x>fep<^btiGS of the 
comx3<3nent pulps (Peckhani and May, 1959; Brecht, 1963; Alrain 
and Ruvo, 1967; Colley, 1973; Nordman, 1973); the linear 
addition gave somewhat lower estimates for tearing strength 



(Arlov, 1963; Bovin and Tc.lor, 1971; G.aiey, 1973), 

Ncirdman (1973) has sh .ivn the validity of the weighted 
average method for the estimation of the bursting strength 
of linerboard grade pulp blends using i>ine and 30 pc^r cent 
hardwrxv.l (Oak/hicko^ry/gum) pulp. It was also observed that 
for maximum utilization of hardwood julps at ux^timum 
strength properties, tho harflvvood puli> should bo refined 
as much as possible while- pine jjulp should bc3 beaten light. 
Investigations by Hunt and Hatton (1976), Hatton 
(1977), Hannah and Swann (1981) and Chen et al, (1978) 
relate to the pulping of binary cnip blends using small 
prox:)ortions of hardv'ood chips along with the main digester 
furnish consisting of softwood ciiips. Hunt and Hatton (1976) 
have reported the kraft jjulping behaviour of single softxraod 
chips (white spruce, v;sstern hemlock, or jack pine) blended 
with 20 per cent of single hardvjood chips (red alder, yellov; 
birch or trembling a^^en). It x-zas observed that the chip 
mixtures pulp faster to a given permanganate number and give 
high pulp yield with strength properties comparable to softx/ov 
pulps, Chen et al, (1978) also have reported similar 
findings for the yield and strength characteristics of kraft 
puli>s obtained from blends of aspen/sprucc chips (0-100 ger 
cent). Do Ollriera et al«'^1981) have studied kraft pulping 
of chip blends of pine (0-100 per cent) and eucalypt (P, 
strobus var, chiapensis and E, urophylla) and reported the 
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imj^rovements in the strength characteristics with the 
proportion of pine chips at different levels of refining. 

Goel and Ayroud (1980) have studied kraft x^ulping of binary/ 
ternary chip blends of pine and hardvjcxjd (maple/poplar) 
using statistical experimental designs and correlated the 
strength properties of the xuilps on ternary diagrams 
representing digester chip i:>roporti<jns. The ubjectivo of the 
above studies has been the conservation of softw-.oxl ros(jurco& 
and increase pulp pr'.jductiom. 

This study deals with the revarse as}pect '.^f the 
addition of a small quantity of softwood (pine) to the main 
digester furnish of eucalyist, to impr>..'VO the strength proixsr- 
ties of the latter. The diversities in ox^tirnum pulpjing 
conditiijns for eucalyx^t and xDine (deserved earlier would 
necessitate se'parat^’. pulx:)ing with subsequent blending of the 
x:)ulps to obtain the desired strength requirements, Hovwver^ 
for the small x^^eix.rti^-n of x^ine (ux:> tc^ 30 x^er cent) envisage .1 
in this study it is considered ax:xarox:iriate t-j i^ulp chix-> blends 
at 165°C with an intermediate chemical charge (18 x^t cent) 
and other omditions close t-^ the ox’^^tiraum for oucalyjjt i>ulx:iin(j. 
The methodf.Aogy c.f the w. rk is to assess the imx^r 'voment 
in the strength c;f the eucalyi:it x'^ulxjs rosulting fr«)m the 
use of a small x5r'oxx;rtic,n of x:>ine chix^s during digestion. 

It is assuired that for low jiroxx^rtions (up to 30 per cent) vU: 
X)ine in the blend, the yield and xitoperties of the c^x^s^t - 
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X)ulp (Obtained from chix^ blonds can bo determined as the 
weighted average value of the c<jmx^onent s^jecies from 
similar jDulping conditi' .ns. The limitations .f this 
assumi^ti' >n are considered later after a comi-arison of these 
estimates for x>ulp blends with the ex^XBrimental data for 
x:)ulx')ing 'Of chip blends. In this study the regressi. .n m'..do'ls 
develoi^ed earlier for the x^ulping of oucalyxjt an'.i x^ine 
sj^ecies are used to estimate the x^ulp yicL I and other 
ties at chemical charge and tom^X-'rature conditions selectod 
by a simple factorial design; these values are useil to 
estimate the x^xox^irties for the x^ulp blends. 

5*3.2 Simulated Experimental Design an'l Models for Pulp Blon'ls ; 

3 

A simx'ile fact .rial design (2 ) is used to estimate the 
effects O'f three imx->c.rtant indoijend.ont variables - xJ-ine 
fraction (0,1, 0,3), chemical charge (16, 18 x>er cent Na20) 
and temxx;rature (165, 175'*C) .on the pulx^ing behaviour ot 
binary chix? blen.ls. The regression equatiens (5,3) and (5,4) 
are used to estimate the x^-ield and xjroixsrties of oucalyx^t 
an.l x'iri® resi^ectivcly and the results are used to x-^tedict 
the prox^erties of the i>ulx> frot the binary chix:? blends. 

Table 5,41. The estimated values are Correlated by linear 
regressicjn equations for yield and Kai.x>a nimbor, oquati^jns 
(5,6) and (5.7), and the strength x^t'ox^erties are correlate., 
by seQ.jnd-order regressi.on equati...n (5,8). 
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Y = 47.106 - 1.450 ~ 0,846 x^ - 0.248 Xg (5,6) 

(R^ = 0.999, F = 256,3) 

K = 31,690 - 3220 x^ - 4.76 x^ + 3.145 Xg (5.7) 

(R^ = 0.960, F = 62.3) 

y ^ ^ 1^1 V 2 + V -8 ^ ^ 12 ^ 1^2 + ^ 18 ^ 1^8 

^28^2^8 (-'B) 

Values of the parameters in equation (5,8) for diffcrcint 
pulp strength pjroperties are given in Table 5.42. 

5,3,3 Three>.Con:n --artrne nt Dig e nte r Exije riment s ; 

Expx-.r intents wero conducteil in a 3~compairtment digester 
for evaluating the simultaneous xjulping characteristics i.'f 
eucalypt, pine and eucalypt“pinc ciiip blends, using the 
cxj_!e riment al design al.p^ted above. Table 5,43 a. The throo 
ct.-mpartments in the -ligostor contained p’ine chi]_;s, eucalypjt 
chips an:I chip blenls (10-30 per cent pane). The weights 
(oven dry basis) of chipjs in the three compartments were: 
pine = 0,15 - 0,45 kg, eucalypt = 1.0 - 1.35 kg, and oucalyp.-t- 
pine chips blend = 1,0 - 1,25 kg in the desired rati^; total 
weight c'f the chips was 2,5 kg. The weights of psine and 
eucalypt chips in the single spxicies cumpiartments also \^erc 
in the same ratio as the chip blend. 

The yield and Kapspsa niimher of eucalyp^t, psino and ciiip 
blonds psiulpjS were d.ete mined sepiarately. The strength 
psropsorties of the eucalypst and chips blend psulpss were determixse-v 
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TABLE 5,42 s MATHEMATICAL MODELS FOR THE YIELD 
PROPERTIES OF PULP J3LEND* 


Para- 

meter 

Pulp 

yield 

Kappa 

no. 

Burst 

index 

Tear 

index 

Tensile 

index 

^0 

47,106 

31.69 

5,657 

8.624 

75.49 

^1 

-1.450 

-3.220 

0,220 

0,011 

0,699 

^2 

-0,846 

-4.76 

— 0,u40 

-0.094 

0^ 2ii6 

CD 

-0.248 

3.145 

0,070 

e,393 

l...i4 

^12 

0 

0 

-0,145 

u, 383 

-2.276 

CD 

0 

0 

u*008 

0,0 

u* U26 

^28 

0 

0 

Wn 0 

—0,053 

— 0 , U56 

to 

0.999 

U.96C 

0,993 

0.999 

0.999 

F-ratio 

256.3 

62,3 

123.4 

742.4 

6119.4 

★ 

Estimates 

of pulp blv 

3nd from component pulp proi:>ertie 

:S/ 

Table 5.41 

II 

>1 

*4" * X . ■4' 

b^x„ + b„x^ 

t b, „x,x^ 

+ b, „x, x„ 

+ b„,,x_x,. 

0 “11 

2 2 8 8 

12 1 2 

18 1 8 

28 2 8 


(5.8) 


Coded variables s 

= (chemical charge -17.0)/1,0 
X 2 = (temperature - 170,C')/5,0 
Xg = (jjine fraction — o.2)/0,l 
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TABLE 5.43! KRi.FT PULPING OF EUCALYPT-PINE CHIP BLENDS 

ttjree-coi^'iparthent digester system 

(A) Range of Pulj:)ing Variables - 
Exjperlnental Design 


Variables 

Symbol 

Rang e/ Le ve 1 s 
-1 ti 

Incremental 

change 

Chemical charge, % Na 2 '^ 

^1 

16 

18 

4-2 

Temperature, °C 

^2 

165 

175 

+10 

Pine fraction 

^8 

0.1 

0.3 

* 

V J 

Constants 





Sulfidity, % 


21 



Liquor !'wood ratio. 


3,6 



Time , min 


60 



Chip size range, mm 


-18+12 



Average chip thickness. 

mm 




Eucalypt ! 


3.5 

(s.d. 

= 0.88) 

Pine j 


4.0 

(s.d. 

= 1.5) 


Time “to— temperature, min 90 

Coded Variables 


= (chemical charge “17)/1,0 
X 2 = (temperature -l70)/5,0 
Xg = (pine fraction -0,2)/0,l 
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the qTjantlty of pine puli:)S obtained was too small for 
refining in a Valley beater. The experimental results 
of these tests are given in Table 5*i3B. The estimates 
obtained for the ccmponent pulps and the pulp blends (Table 
5,41) are also included for comparison purposes. The experi- 
mental data are analyzed by Yates's algorithra (Table 5,44) 
to determine the effects of the three variables on differ^int 
pulp properties. Second-order regression equations are 
derived to fit experimental data and the values of the ' 
parameters and the correlation coefficients are summarized 

in Table 5,45. The correlation was excellent for yield 

2 

and all the properties of eucalypts (R = C.90 -0,99) and 

2 

Kappa niimber of pine (R = 0,997). The low correlation 

coefficient of the regression equation for screened yield of 
2 

pine (R = 0,32) may be attributed to the possible errors 
in yield determination caused by the small quantity of pine 
used (0,15 - 0,45 kg). Accountability of regression equations 

for the yield and properties of chip blend pulp was also 

2 9 

very gotjd (R = o.91 -0,99 except for tear index with R =0,80) 

and places good reliability on the models. The yield and 

properties of pulp from chip blend predicted using model 

equations (5.8, Table 5.45) are also given in Table 5.43. 

5.3,4 Comparison of Eucalypt and Pine Data with Model 
Predictions ( Sing lo Spe cie s ) : 

Experimental data obtained for eucalypt and pine puips 




187 


TABLE 5.43; KRAFT PULPING OF EUC:^ YPT»P INE CHIP BLENDS 
T^-IREE-C 0 riPARTI 4 Er-lT DIGESTER SYSTEEl 
(B) PULPING CONDITIONS AND EXPERII^EMTAL RESULTS 


Comparison of Experimental Data with Predicted (Regression 
models for chip blend) and Estimated (Regression Models 
for pulp blend) Values 


Expt , Pulping condition Pulping Results 


no. Pine Chemi- Tempe- AA con- Screened yield 




frac- 

tion 

Cal 

charge , 
% 

rature 

°C 

s-umption 

E 

P 

EP 

1 

Expt, 

0.1 

16 

165 

13.1 

48.20 

55.2 

47. 9 w 


Pxed, 







47 *60 


Est, 





49.6 

47.9 

49.43 

2 

Expt. 

0.3 

16 

165 

12.3 

47.8 

46.3 

47. 2 u 


Pred. 







47 * 4 3 


Est* 





49.6 

47,9 

49.08 

3 

Expt, 

0.1 

18 

165 

13,7 

47.6 

42.6 

45.40 


Pred, 







45.63 


Est, 





47.5 

43,3 

47.08 

4 

Expt. 

0.3 

13 

165 

13.8 

48.4 

46.9 

45.90 


pred. 







45.66 


Est • 





47.5 

43.3 

46.23 

5 

Expt. 

0.1 

16 

175 

13.6 

45,9 

49.0 

43,00 


Pred. 







43,23 


Est. 





43.2 

46,5 

48.08 

6 

Expt, 

0.3 

16 

175 

13.7 

45.8 

44,6 

43.30 


Pred. 







43,06 


Est. 





48.2 

46.5 

47.69 

7 

Expt. 

0.1 

18 

175 

14.8 

44.6 

47.8 

43.60 


pred. 







43,36 


Est . 





45.1 

42.9 

44.88 

8 

Expt . 

0.3 

18 

175 

14.7 

45.0 

44,7 

43.2 


Pred. 







4 3, i3 


Est, 





45.1 

42.9 

T 1 ■; 

it. * t ‘•J* 


Expt, Experimental values 

Pred, Regression of experimental data (chip blend) 

Est. Estimates from single species (pulp blend,Table 5,41) 
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Table 5.43(B) contd 


Kappa no. Burst index Tear index Tensile 


no* 

E 

P 

EP 

E 

EP 

E 

EP 

index 

E EP 

1. Exptl. 

29.6 

78.1 

31.7 

5.8 

5.3 

8.2 

9.5 

72.0, 

62.2 

Pred, 



32.9 


5.1 


9.2 


62.4 

Est, 

31.8 

76.2 

36,2 

5.1 

5.2 

8.2. 

8.6 

70.0. 

71.1 

2, Expt. 

26.8 

71.1 

36,8 

4.3 

5.1 

7.7 

8.4 

65.8, 

69.5 

Pred. 



35,5 


5.2 


8.7 


69.3 

Est * 

31.81 

76.2 

45.1 

5.1 

5.4 

8.2 

9.5. 

70,0 

73.3 

3 , Expt . 

23.4 

63.1 

31.4 

5.1 

5.6 

7.8 

7.5 

66.1 

70.3 

Pred, 



30.3 


5.8 


7.8 


70 „ o 

Est, 

25,0 

61.1 

28.6 

6.0 

6.0 

7.4 

7.9 

76.1 

77,1= 

4 Expt , 

39.9 

65.8 

39.4 ■ 

4.9 

5.7 

8.6 

9.1 

66, 3 

7S.‘. 

Pred, 



40,6 


5.6 


8.8 


78.0 

Est, 

25.0 

61.1 

35.8 

6.0 

6.1 

7.4 

8.8 

76.1 

79.2 

5 Expt . 

23.9 

42,1 

35.3 

5.6 

5.1 

7.2 

7.7 

60.5 

72.7 

Pred, 



34.1 


5.2 


8.0 


72.5 

Est , . 

23.5 

51.7 

26.3 

5.5 

5.5 

7.4 

7.8 

75,6 

76.5 

6 Expt , 

21.8 

41.2 

27.2 

4.7 

5.3 

7.1 

8,4 

55.2 

76.5 

Pred, 



28.4 


5.2 


8.0 


76,7 

Est, 

23.5 

51.7 

32.0 

5.5 

5,6 

7.4 

8.5 

75.6 

78.3 

7 Expt, 

21.4 

33.1 

22.1 

4.S 

4.7 

6.2 

7.6 

55,5 

57.1 

Pred, 



23.3 


4.6 


7.3 


57.3 

Est, 

21.3 

38.4 

23.9 

5.5 

5,6 

8.3 

8.6 

72.2 

73,2 

8 Expt • 

24.8 

35.5 

26.7 

4.1 

4.1 

7.5 

8.6 

68.0 

54.4 

PzBd. 



25.5 


4.2 


8.9 


54.2 

Est, 

21.3 

38.4 

26.4 

5.5 

5.8 

8.3 

9,3 

72,2 

75.2 


Expt, Experimental values 

Pred, Regression of experimental data (chip blend) 

Est, Estimates frcan single species (pulp blend/ Table.- 5,41) 


rH 10 vO ro j V . o CD Lo LO r- CO H CO 04 




TA3IjE 5,4 i: KR/iF? PULPI?JG OF EUC7\LYPT-PIiSIE CHIP BIENDS 
THRES-COMPARTMEWT DIGESTER SYSTEM 
SUMMARY OF D/^TA AR'UjYSIS BY YATES'S ALGORITHM 


CD 


1 — ( 


d 

d 

d 

•H X 

O 

CM 

00 

CO 

CO 0) 

LO 

o^ 

C?k 

r-I 

G ^ 

# 

•- 

« 

# 

Cl) G 

\D 

rH 

CM 


H 

vO 


1 

1 


189 



d 

d 


m 

O 

tn 

o 

CO 

00 

ro 


• 

« 

• 

• 

o 

UO 

f-H 

o 


1 

rH 



8 


D4 

a 

D 

a, 

P! 


’•It 

PQ 

Oi 

H 


o! 


II 


X 


d 


d 

d 





M 3 

vO 

00 

iH 

tH 

CM 

O 

CO 



d 00 

CO 

in 

00 

vD 


ro 

ro 

vD 


CD G 1 

• 

« 

• 

• 

• 

m 

» 

• 


E-» 'H 

00 

o 

o 

O 

o 

o 

o 

o 





8 

I 




* 


X 




d 



d 

1 


CO CD 

CM 


CO 

in 

vO 



tH 


U V 

rH 

tH 

tH 

vO 

tH 

o 

vO 

cn 

• 

G G 

• 

• 

f 

* 

« 

• 

• 

* 

fH 

PQ 

in 

O 

O 

o 

o 

o 

O 

o 

d 



8 

1 

1 

1 

5 

1 

1 

> 










CD 










iH 



d 

rl 

d 

d 

d 

d 

d 



ro 

o 

in 

o 

O 

in 

o 

in 



ro 


00 

o 

a\ 

rH 

o 


0 


• 

# 

• 

• 

• 

• 

• 

• 

G 

0^ 0 

tH 

CM 

CM 


ro 



CM 

CD 

d G 1 

00 


r 

I 


J 

1 


no 










•H 










m 

G 









G 

! 0 



d 

d 





0 

r -H 

tH 

00 

o 

00 

CO 

00 

CM 

I> 

0 

C 


tH 

o 

G\ 

1 — ! 

tH 

o 

CM 


\ 0 ,:k 

• 

• 

♦ 

• 

• 

• 


« 

-p 


ro 

o 

tH 

o 

o 

o 

o 

o 

G 

• p 

rH 

I 






1 

d 

.4,' to 










V 

I 








1 ^ 

rH 

f 








d 

'lO (D 

t 








K 

Q) 'H 



d 

d 



d 



G >i 


CO 

CO 

ro 

ro 

ro 

CD 

00 

m 

Q) ' 

cn 

o 

tO 

ro 

rH 

O 

O 


CTi 

1 CD Gi 

• 

• 

• 

• 

• 

« 

• 

• 


M rH 


o 

o 

ro 

o 

o 

tH 

O ! 

43 

a G 


1 

1 

I 




1 

d 

CO Oi 



















43 










G 









X 

d 










0 








X 


•H 




< 


X 

X 



H4 


K 








-H 


I 

4-1 



MH 

4H 

< 

X 

G 


ii 


CD 



'w' 

N— r 



G 

f 4J 







^4 

•H 

0 


G 

U 






CO 

*H 


c 

d 

N 

CO 





^ -P 

'-W 


XI 

P 

G 





TJ a 

MH 

•P 

o 

u 

0 




1 

G m 

0) 

U 


0 

-H 





d 5 h 


d 

rH 

-p 

4J 





0) 

CD 

Sh 

d 

d 

V 




d 

+3 -P 

O 

qn 

O 

Sh 

d 





U G 

d 


•H 


M 





1 CD H 

u 

CD 

e 

& 

0 





M-l 

0) 

G 

CD 

H 

-P 





1 

> 

*rH 

x: 

CD 

G 





1 w 

1 ^ 


o 


H 







190 


TABLE 5,4?! KR/vFT PULPING OF EUCALYPT-P HE CHIP BLENDS 
THREE-COI'IPJuRTMEtJT DIGESTER SYSTEM 
MJiTHEMATICP.L MODELS 

(A) EUCALYPT AND PINE (SH-JGIE SPECIES) 


Para- 

meters 


EucalYpt 


Pine 


Screen- 
ed yield 

Kappa 

no. 

Burst 

index 

Tear 

index 

Tensile 

index 

screened 

yield 

kappa 

no. 

b 

0 

46,663 

26.450 

4.900 

7.527 

6 3.709 

47.138 

53,750 

^1 

-0.263 

0.925-0.208 

-0.023 

0,301 

-1.638 

-4.375 

^2 

-1.338 

-3.475 ■ 

"0.153 

-0.550 

-3,881 

-0.613 

-15.775 

^8 

0,088 

1.875 

- 0.390 

0.190 

0.133 

-1.513 

-0.350 

^12 

-0.263 

-0,800 

-0.170 

-0.130 

1.691 

1.363 

0.700 

^18 

0.213 

3.100 

0.218 

0.330 

3.011 

1.813 

1.625 

^28 

-0.013 

-1.550 

0.033 

0.113 

1.644 

-0.363 

0.725 


0.996 

0.907 

0.961 

0.999 

0.936 

0.828 

0.997 

F-ratio 

43.1 

1.62 

4.1 

509.4 

2.4 

0.799 

70.7 


y = + b 2 X 2 + bgXg + b^2 ^1^2 ^18 ^1^8 ^ ^28 ^2^8 

(5,8) 


Coded variables! 

= (chemical charge -- 17 , 0 )/ 1,0 

X 2 = (tempe rature-170,0)/5,0 

Xq = (pine fraction -»0,2)/0*l 
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Table 5.45 contd 


<B) CHIP BLEND 


Para- 

meters 

Screened 

yield 

AA consum- 
ption 

Kappa 

no. 

Burst 

index 

Tear 

index 

Tensiivj; 

: index 


45.56 

13.71 

31,33 

5.122 

8.35 

66.49 

^1 

-0.687 

0.537 

-1.425 

-0.090 

-0,148 

-1,488 

^2 

-1.737 

0.487 

-3.500 

-0.325 

-0.308 

-3. 583 

^8 

0^013 

-0.088 

1.200 

-0.070 

0.258 

0.961 

^12 

0.613 

0.013 

-2.000 

-0.322 

0.196 

-5.676 

CO 

H 

0.063 

0.088 

1.950 

-0,078 

0.369 

0.42 3 

^28 

0.188 

0.088 

-2.075 

-0.033 

0.144 

-2.911 


0.995 

0.966 

0.948 

0.905 

0.796 

0,999 

ratio 

34.43 

4.84 

3.09 

1.59 

10.65 

234.12 

y = bo 

+ b^x^ + b2X2 + 

* h2 

X 1 X 2 + t 

*18 ^1^8 

^28 

^2^8 


(5,8) 


encoded variables; 

= (chomical charge -17, 0)4.0 
X 2 = (temperature -170,0)/5,0 
Xo = (pine fraction “0,2)/0,l 

O 
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from the 3-compartment digester are compared with the 
predictions based on the single species models in Table 7.43 b. 

The yield of eucalypt pulp is lower and the yiv^ld of 
pine ,pulp is higher than the estimated values. Consequently, 
the Kappa number of eucalypt pulp is also IrjVAsr and that of 
pine pulp higher than the predicted values based on the model 
equations for single species. This is caasod by the relativ.jli 
faster delignifi cation rates of eucalypt s and the reduction 
in alkali available for delignification o.f pine chips. This 
also can be attributed to the slightly low>--r chemical charge 
and temperature levels ad'jptod compared to pulping pine alone. 
These observatie«ns are in agriomsnt with the results reported 
by Hunt and Hatton (1978), 

The screening reject of eucalypt v/as small (0,1-0, 3 per 
cent) while pine pulps had higher rejects (1,3 - 3,8 per cent 
at 165°C, 0,6 - 1,6 per cent at 175'-'C), The screen rejects 
from the pulps of chip blends was low (0,2 - 0,8 per cent) 
since pine constituted only upto 30 per cent of the blend. 

The burst and tensile indices for eucalypt x^i-ilp ’were 
observed to be lower and the tear index was either ct.xnpcirablu 
or slightly higher than the estimated values. This may bo 
attributed to the lower yield caused by the remt.val of more 
lignin and hemicol laicises during pulping, Tlte results arc in 
agreement with similar observations repcjrted by Hunt and 
Hatton (1978), 
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5,3,5 Analysis '^f Chip Blend Puli'lng Data ; 

The exxxJrimental date, for chip blend pulps are analyzed 
by Yates's algorithm and summarized in Table 5,44, The 
major c-b servations are given belowj 

1, Temperature has the mcjst significant influence 
on yield while pine chip fraction has esscixiti-ill^- 
no effect. Chemical charge and its intoracti in 
with temperature shov/ an intermediate effect. 

2, The active alkali consuraptb ;n is ind,epondent 
of pine fractii;;n and. incrt-ases witii chemical 
charge and temperature, 

3, Kappa number ..f the pulp from the chip blond 
increases with the pine Content andi is strongly 
dependant upon chemical charge and temperature, 

4, Burst index decreases with temperature and is 
not influenced by chemical charge or pine 
fractirin, 

5, Tear index and tensile index lmp'>rove with ijine 
content. Temperature has a strc.ng influence 

on tensile index and an increase in temi/Orature 
decreases it. Chemical charge interacts strongly 
with temi>iraturo and the tensile in'lex the 
pulp decreases cons.iderably when both these 
variables aix) at the higher level. 
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The not effects L>f i^ino chips addition (upto 30 
per cent) to eucalypt include; constant pulp yiehl, higher 
Kappa n\jmber, improved tear and tensile indices, and 
constant burst inilox, 

5,3,6 Comparison of Model Predictions (Chip Blond Pulp vs 

Pulp Blond ) ; 

The estimated properties of the pulxi blend (Table 5,41) 
are aani^aretl with the pradlctioas based on the me -dels (Table 
5,45) for ijuliaing chip blenc'ls in Table 5,43 b and the 
f.-.'llowing tjbservations aru; obtained: 

1, The estimates.! yields agree within + 1 x^er cent 
of the predicted; values. 

2, The agreement of observed Kax^pa number with 
the estimates is x->'-'er owing to the x-^e^^sible 
hetercgeno.jus character -.jf the residual lignin 
in the comi;'onent jiulxjs. 

3, Burst index sh wed g'.jod agreement at 165'^C vAiilo 
the cibserved values arc lower than the estimates 
at 175°C. 

4, Tear index estimates shij-wet! g '> d agreement witi^ 
the model predicti .ns, 

5, The chip blend mf..dol predicts lower tensile 
index and the devi-ation increased with pulx^ing 
temxje rature , 
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ThG above c.bservatii'ms tend to supi^ort the linear 
blending rule base^l on the ccmpcjncnt properties for the 
estirnatic^n of yield and tear index <jf the pulp frOT chip 
blends. The rule can also ]oo applied t<j predict burst 
index and tensile index £., r pulping at 165 °C. The results 
have sh >wn that within the experimental rcgi^^n studietl 
oucalyx 5 t“pine chip blend. (70:30) puli:>ed at 155°C with 18 
cent active alkali W'.'Uld give the maximum strength properti-s 
with 45,9 per cent screened, yield at a Kax^pa number >,>f 40 
with burst index = 5.72, tear index =9.11 and tensile 
index = 78,4, 



CHAPTER 6 


SUMMARY AND RECOMMENDATIONS 


6,1 S\ammary ; 

This work was carried out for investigating the 
pulping characteristics of plantation grown eucalypt (E, 
tereticornis hybrid), abnormal twisted chir pine (P, roxburgii) 
and Gucalypt“pine chip blends. Proximate chemical composition 
and pulp fiber dimensions of the two species were determinc'd 
to characterize the raw materials. Pulping characteristics 
of eucalypt/ pine and chip blends were studied in three 
separate sets of experiments through sequential experimental 
designs. Manually screened and handsorted mill chips were 
used for pulping in a rotary Weverk digester. 

Seven major kraft pulping variables were recognized ■» 
chemical charge, temperature, sulfidity, time-to-temperature, 
time-at-temperatiire, li <5Hor“to~wood ratio and chip thickness. 
The dependent variables investigated include - yield. Kappa 
number, black liquor solids, active alkali consumption, and 
pulp strength properties - tear, burst, tensile and folds. 

Simple factorial designs were used to determine the 
effects of time-to-temperature and chip size. The interacting 
influence of time— to— temper at lAre (heating period) and pulping 
temperature determined the unifoimity of both eucalypt and 
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pinG pulps. A constant heating period of 90 min was 
selected for all the experiments. It was observed that chip 
size (thickness range mm) was not a significant variable 
for the pulping of eucalypts while a lov/or pine chip 
size range improved the yield of screened pulp. Manually 
screened eucalypt chips (fraction “ 25+16 mrri with average 
chip thickness " 4.4iiim) and pine chips (fraction ^ 18+12 mm 
with average chip thickness - 4,0 mm) were used for the 
pulping experiments . Thus the number of variables was rcQUcea 
to five for developing mathematical models for the kraft 
pulping of eucalypt and pine chips. 

The influence of the remaining five variables were 
studied using a sequential desigii approach for eucalypts based 
on (l)a half “fraction factorial design, and (2) second-order 
central composite rotatable design. The data from the 
fractional factorial design were analyzed using Yates's 
algorithm. Second-order regression equation models were 
obtained to fit the experimental data from the above experiments 
using a digital computer (DEC system - 1090), Regression 
analysis gave good correlation of yield and Kappa number data 
while the correlation was fair for tlie strength properties. 

The models were further used to locate the optimum pulping 
conditions for maximum tearing strength using Constrained 
Rosenbrock Method. Data from pulping experiments conducted at 
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these estimated optimum conditions agreed well with the 
predicted properties and showed good reliability o£ the 
models , 

Experimental work for pine chips was similar to the 
factorial designs used for eucalypts and the data correlated 
by second“order regression equations. The correlation 
coefficients for yield and Kappa number were good and seitis- 
factory for strength properties , The range of conditions used 
for pulping pine was rather narrow to locate tho optimumt 
^conditions; however the best conditions to pulp pine chips 
to give maximum tearing resistance were obtained and confirmeci 
exper im cntally. 

The models for eucalypt and pine pulping have been 
graphically represented to illustrate the effects of the 
different variables about the central point conditions as well 
as by two-dimensional contour plots for the response with 
chemical charge and temperature, 

A comparison of the strength properties of eucalypt 
and pine pulps showed that the latter had superior tear/ 
burst and folding endurance and comparable tensile strc.ngth. 
The strength properties of eucalypt pulp can be improved by 
blending with pine pulp or by using a chip blend for pulping. 

Experiments conducted in a 3~compartment digester 
with chip blends containing 10-30 per ,cent pine showed that 
the effects of pine chip addition to eucalypt ares constant 
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total pulp yield/ higher Kappa number/ improved tear and 
tonsilo indices/ and constant burst index. Regression 
equations were developed for the pulping of eucalypt-pine 
chip blends. It was also shown that the linear blending rule 
based on the component pulp properties can be used for the 
estimation of total yield and tear index of the pulp blends 
and agreed with the predictions based on chip blend models, 

6.2 Recommended Future .Studies : 

In this study statistical experimental designs have 
been successfully used to develop mathematical models for tho 
krafit pulping of eucalypt/ pine and binary chip blends, 

Eucalypt pulping experiments cover an adequate range of pulping 
variables relevant for pilot plant/commorcial applications. 

The range selected for pine and chip blond experiments have 
a bias towards the range adopted for eucalypt/ constituting 
over 70 per cent of the- digester furnish. 

The range of pulping variables used for pine have 
only given the best pulping conditions and a wider range is 
recommended for the location of the true or global optimum. 

The heterogeneous and abnormal character of the pine- 
chips have contributed to somewhat higher standard deviations 
in Kappa number and strength properties of pine pulp. 

The correlation coefficients for strength properties 
of both eucalypt and pine chips are satisfactory with R^=0.7-C.S 
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the correlation coefficient for tear index of pine was 

2 

poor (R = 0,5), The low correlation coefficients for the 
strength properties indicate the possible influence of 
additional parameters besides the five digester variables 
considered. These can be the influence of the inevitable 
variations associated with the pos t-digestion steps - beater 
operation, handsheet preparation and conditioning, sensitivity 
and precision of the testing equipment. These variations 
could be minimized by using pulp refining and test equipment 
of better precision and improve the correlation of the data 
obtained from a mill control laboratory equipment. 

Further studies are also recommended to study the 
optimum proportions of binary chip/ pulp blends to get composite 
pulp of the desired strength properties incorper ating the 
superior qualities of both the eucalypt and pine, A detailed 
study is recommended over a wider range of the pulping 
variables. Correlation of the strength property data should 
also include the degree of pulp refining as an additional 
parameter for binary chip/pulp blonds. 
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JiPPEIJDIX I 

REGRESSION ANALYSIS BY THE ^ETHOD OF LEAST SQUARES 

The first order approximation of the response surface 
gives equation (A.l) consisting of only the linear terms of 
the variables. 


y = b + 
o 


y ^ 

Z — i 1 

i=l 


(A.l) 


The coefficients b^ and b^ are estimated by the method of 
least squares, represented in the matrix notation by equation 
(A.2), 


T — 1 T 

k = X) E l 
k 

bo = y - X. >"j 
j=l 

where X - design matrix 

Y - vector of observed re^onses 

y - mean values 
N 


(A.2) 
(A. 3) 


y - 




(A.4) 


i=l 


The multiple correlafion coefficient (R^) is determined from 
equations (A. 5) to (7i.7), 


= Sum of squares duo to regression (SSR) .. c. 
Sum of squares corrected total (SST) ^ 



SST 


S + SSR 


where. 


i=l 


T T 

SSR = b (X Y) 


N N 

1=1 i=l 

(A. 6) 
N 

= X 

i=l 


N 

SST = Y = ^ (y^-y)^ (A.7) 

i=j 


A linear model adequately fits the data when 

2 

R = 0.95 - 1,0, The correlation coefficient can bo improved 
by including additional terms in the response function, A 
second order polynomial with linear, second order and inter- 
action terms, equation(A.8) is considered next to represent 
the data* 

k k k 


y 



+ 



i=l 


> 


i=l 


, 2 
b . . X . j. 
11 1 ^ 


i<j 


b. . X. X. 
ij 1 j 


(A. 8) 


Experimental data from a simple 2-level factorial design 
suffice only for a polynomial having linear and interaction 
terms. Estimation of the parameters of second order toms (in 
the regression equation) requiro 3-lovoi factorial designs 
or central cemposite rotatable designs. 



Adequacy of the Model ; 


The adequacy of the raodels can also be tested by 
calculating the Fisher ratio (F* test), equation (A. 9), 

s. 

c 
£ 

s. 

2 


calc, 

where s'", — variance of the model 


2 

’ad 

2 

5 

y 


ad 
2 

Sy - experimental error variance 
N 

^ad = /(N-(k-.l)) 

i=l 


(A. 9) 


- Residual sum of squares (least square) 

~ Nuaber of degrees of freedom 

where, the nuraber of degrees of freedon is equal to the 

difference between the number of observations and the numbers 

of parameters estimated. 

n 

i=l 

vjherc y - mean value of rosi^onso for the repeated observations 
n - number of replicated experiments. 

The model is taken to be adequate if, 

^oalo < ^0.05 ■'-D 

where Fq (M-(k+l),n-l) is the tabulated value (Hinmelblau, 
1968) of F at a confidence lev«l of 95 per cent with N-(k+l) 
degrees of freedom in the numerator and (n-1) degrees of 
freedom in the denominator. 



significance of Parameters ; 


A general first order polynomial with five 
variables will have six parameters/ whereas the second order 
polynomial expression vzill have 21 pareimeters. Those 
polynomials can be simplified by retaining only the statisti- 
cally significant parameters and del'.; ting the remainder 
which have a minor contribution to the response-'. Statistical 
significance of the parameters is estimated by the associated 
error variance compared to the exp'orimental error variance. 

The significance of the coefficients is evaluated 
by the following method (Hemmerle/ 1967) using students* *t‘ 
test. 

The variance- covariance matrix of the regression 
coefficients is first evaluated by using the formula given 
by equation (A. 10). 

rn T T 

2 1 1 - h ^ 1 T 1 

S (b) = (X^ X)“ (A.IO) 

whore X - matrix of independent variables (design matrix) 

Y - vector of observed responses 

b - vector of estimated coefficients or x)arametvjrs 
( slopes) 

N - total number of experiments in the design 

p - number of coefficients (parameters) 

The students' *t' value for a particular coefficient b^ is 
calculated using the equation (A.ll) .. 
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t 


b , 

= ...JL— 

calc s(bj ) 


(A.ll) 


where = calculated students' 't' value 

calc 

s(bj) = variance of the jth coefficient b^ obtained 
from variance-covariance matrix# S(b), 

( It is also equal to the standard error of 
estimate of the slope). 

The value for degrees of freedom used in the equations cand 


the statistical tables will depend upon the numbc*r of 
coefficients in the proposed rcsj.ionso function. If the 
absolute value of is found loss than the tabulated 

value (tQ N-p)# the coefficient is considered insignific :..r 

all such coeffici.nts can be olirain. it<-:d in the subsequent 
iteration. This procedure is continued to obtain an oxpressic 
having only the significant coefficic-nts. 

The computer progrcmi used for regression analysis 

(Bolch and Huang# 1974) based on oquation(A.8) by least 

squares method also gvove values of b^ (intercept)# coefficiont 

or slopes (b^^# b^.^^# b^^)# standard error of estimate of each 

ccjeff icients s(bj)# mean standard deviation# multiple correlat 
2 

C(X;fficiont (R ) and F-ratio, Thus, the value of 't' can be 
calculated simply by dividing the coefficient with its standee 
error of estimate. The tabulated valvie of *t’ at 95 p^r cent 
confidence level is compared with the calculated value of 't' 
to determine the significance of the coefficients. (A computer 
program for the Regression Analysis is given in Appendix VIII] 
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a iEMICA.Ii COMPOSITION AND FIBER DIMENSIONS OF EUCALYPT /USID PINE 

EUCALYPT.. (Eiicalvptus terotlcomis) ; 

Chemical Compos it. ion : Eucalypt wood contains an appreciable 
concentration of polyphonolic compounds as extraneous compo- 
nents, These include some free ellagic acid and gallic acid 
and monomeric as well tas condensed polymeric fragments based 
on cotpounds like leucoanthocyanins#. catechins, stilbv-^ncs, 
ellagitannins etc. and their de-rivatives (liiiiis, 1962). 

The precise chemical identity of the polyphonolic extractives of 
the various eucalypt species is not known and are strongly 
dependent upon age and species. Prc.-sence of such compounds 
interferes v/ith the dob-rraination of Klason lignin during 
proxii'nate analysis of wood meal. These extractives are not 
removed by the solvents commonly used in prejiaring extractive- 
free wood meal, Hovrever, an alkali extraction step reraoves 
most of these polyphenolic compounds, Extractive-froo 
eucalyx^t wood meal is prepared by a sequential extraction 
treatment using alkali (1,0 per cent NaOH), and boiling vrater. 

The results of the proximate analysis are shown in 
Table 5.1 for the (-40 +60 mesh) vrood meal of samples A and B. 
Analysis of the (-60 mesh) fraction are also given for sanple b. 
The number of determinations was 2-3 for all and 4-5 for oxtractj 
free lignin and holocellulose. The age of the trees from 



which thoise logs came varied in the range 8-10 years. The 
values in Table 5,1 lend to the follov/ing observations: 

1, Extractives constitute uptc one sixth of 
the v/ood meal. 

2. Klason lignin content of the eiriginal vrood 
meal is about 10 per cent higher ccrapared to 
the extractive- free material and is caused 
by the condensation of the pblyphenolic 
extractives with lignin duririg carbohydrate 
hydrolysis. 

3. Even though the fine fraction (-60 mesh) 
of the wood meal contains upto 5 per cent 
more lignin, th^.i extractive free substance 
contains 5 per cent less lignin than the 
corresponding -36 +60 mesh fraction. This 

is caus-d by the relatively iiighcr proportion 
(about 6 per cent) of polyphonolic comp'ounds 
in the fines fraction as shovm by the solubility 
in 0,5 per cent HaOH. 

4, Extractive-free wood meal contains about 30 per 
cent lignin (s,d. = 0.710), 50 per cxjnt <X-cellu- 
lose, and 17 per cent pentosans, comparable 

to the values reported by Guho. (1969). 

Similar chemical composition is rej.xjrtod for 
Brazilian pl-\ntation grov7n eucalypts (Foelkol 
and Zvinakevicius, 1980), 
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Basic Density ; Average rlonsity of oucalypt terot>icarnis chips 

(air dry) vras determined by the usual water displaceraent 

# 

method to be 0,66 g cm Basic woc'l density is defined as 
oven-dry v/eight per volume of green woorl and the shrinkage 
of wood cn drying is around 10-15 per cent, Basic density 
is quite closely related to lumen/diarieter ratio. Hardwood 
fibers with a smaller diameter will also have a smaller 
value of wall thich.ness than the softxvccd, Basic wood density 
can vary from 0.3-0, 7 for most of hrurdwoods and softv/ood. 

Because cf shrinkage, the value will be higher if determined 
on air dry chips, (Mac Dona la, 1969), huwevc-T, even larger 
values ar- also report'-.-d, Alger (1960) has re^jorted values 
of wood density (in the range of 0*41 - 0.86) for various 
euce.lypt species, Hature/overmature eucalypts have a higher 

—3 

density, Franklin (1977) has reported a d-eisity of 0,512 g cm 
for K. tereticornis grown in Florida (U,S,a.). The most 

common plantation grovm eucalyrst sp...ci3s used for pulping 

-3 

have basic density in the range 0,4 - 0,6 g cm (Poelkel, 1980) , 

Fiber Diraensions ; T\70 unb-_aten p'Ulp s.'.r.ipl'';'S obtained from 
the Tjulping exTX^'rim -.-nts at centr il point conditit ;ns ''vere 
choS’..-n for fib'.;r fiimension measirrcment (Cock nus, E--)9, S*-5C^)- 
The r-sults corros]_iond to nunibar avorege ('f 260 measurements 
(20 slides containirig 12-15 fibers e_iCh), These values are 
longth " 0,651 mm (s,cl, = 0,274), di.ameter - 0,0089 mm (s,d, = 
0.003), longthAliamotor ratio - 70, vessel diameter - 0,1425 ram 
(s.d. = 0.0095) and parenchymu cells - 0,021 irm (0.0047), 
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SomG changes do take place in fiber dimensions 
during pulping. However, the changes are least important 
in the kraft process (Rydholm 1965), Fiber dimensions are 
normally reported for the original wood - the fibers are 
separated in a way to cause least damage (e.g, delignif ication 
with chlorite, cutting into small chips, fibrization by 
treatment in cold dilute alkali). AS mentioned just above, 
kraft pulping causes least damage tc fibers and thus the 
measurements on ijulp fibers can be assumed safely to corre%,ond 
to the original wood. 

The range of fibv^r length and diamot'-'r for la.ardwoods 
are reported to be 0,7 - 1,5 mm and 0.015 - 0,025 rospsctiveiy 
(Higgins, 1969 )Phlllip 0 ot al^l967) have reported and average 
v/ood fiber length of 1.04 mm for the mixed mature eucalypt 
used in their study (E, marginata, E, calophyllaeind E, 
diversicolor) . iiverago length .and diameters of two Indian 
species - E.grandis and E, hybrid are reported tc b-e 0,82, 

0,79 mm and 0.014, 0,0122 mm rospectivoly (Srivastava and 
Mathur, 1964; Unkalkar et al. 1974), The av-.rage fiber 
dimensions of E, tereticornis x'>ulp samples is lessthan the 
reported value and may be due to the young age (8-10 years) 
of the species under study. The length diameter ratio of 70 
is comparable with the reported value for other sxxjcies 
(range: 60-79). 
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vessels and parenchyma cells were also observed 
in the pulp fibers v/ith mean diameters of 0,142 5 mm and 
0,021 mm respectively. The values are in the range (0.15 - 
0,5 mm) rei^orted by (hlg-irt 1960) for eucalyi^t kraft pulps. 

The general range for hardwot:^s is# however# reported to be 
0,02 -0,5 mm and 0.02 -0,2 ma for vessels ond parenchyma 
cells respectively (Rydholm#1965), 

PIME (Pinus roxbur'ghii) ; 

Chemical Composition ; Proximate ranalysis of ijino (pinus 
roxburghii) is shown in Table 5,2. Extractives constitute 
12 per cent of the pine X'/oi.xJ hu.\l. Extractive- free pine 
wood meal contains; lignin - 33,1 j,x-'r Cvjiit (s.d, = 1,213)# 
holocclliilosG -• 66,5 per cont(s,d, = 0,71) (after 6 extractions 
with acidic sodium chlorite) and pentosans - 9 per cent. The 
lignin content is slightly higher than the value typical of 
pines (25 - 30 per cent). The results are compared with the 
range of chemical comijositions of north jjrierican and Scandin- 
avian pine species and a comparison of those values snovrs 
that the chemical composition is almost in the range reported 
for other species. 

Pine wood meal was obtained from irregular shaixsd 
wood mainly from branch z;ane of main stem and reaction wood. 
These zones normally have more lignin than the main stem. 

This may be possible reason for getting higher lignin content. 
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Basic wood density t Average density o£ Pinus roxburghii 

chips (air diy) measured as vjeight of oven-dry chips per 

— 3 

•unit volume of air dry chips was found to bo 0.56 g cm 
and lies in the reported range for pin^s (0,36 - 0*56/ o.d, 
weight/groon volume). Shrinkage of air-dry cliips will 
give slightly higher basic density as is observed in this 
case also. Basic wood density of rinus khasr.ya is reported 
in the range; 0.38-0. 50 gm cm (Bhaumic and Ghosh, 1975). 

Fiber Dimensions ; Two unbeaten pulx^ sanip>les from exj^joriments 
numbers P-4b,-51 of the main design were used for the 
nioasuremcnt of fiber dimensions. The results reported are 
the number average of 254 observations (20 slides containing 
12-15 fibers each). These values are; Longth -5.o nm (s.d* = 
1*3), diameter - 0,r,46 mm (s.d, = 0,014), wall thickness - 
12,63P m (s,d, = 2.47), liamen diameter - 19,81 pm ( s*di=5*41) 
and longth/diam-iter ratio - 110 and agree '.ell witii the 
values repc'irted by Bhat and Singh ( 19 55) for thj some siXiCies, 
(length - 4,8 rnm; diamot.-r -0.051 mm; longthAiiamettir ratio 
-94; specik.,s -Tinus longifolia Roxb,). 

TiVi-rago fib.';r length of most commercially irai^oirtant 
north ?jTierican pine species is around 3,5 mm with length/ 
diamotar ratio cjf 80-100, Osirbain pines (longl^raf and Siort 
leaf Lobr liy ; Incs), Douglas fir and v/est^rn hemlock also 
have a high.:r av.-rage fiber length (4-6 ram). Pinus r<axburghii 
pulp fibers also have a higher wall thickness (12,6 pm) 
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comparGd to most x>ines (3-5 RGaction \\rood fibers 

have higher wall thickness and may be twisted v/ood (P, 
roxburghii) is similar to 'reaction wood, NGvertheless^ 
some softwoods arc reported to havG wall thickness as high 
as 15 p. m; European beach (Fagus silvatica) is an example 
(Rydholm/ 1965). Pinus khasaya has been reported to have 
a wall thickness of 6,14 pm. 
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APPET-jDIX III 


KIATING CHARACTERISTICS OF EUCALYl-T AMD PINE KR7.IT PULPS 


Eucalypt Kraft Pulps ; The development of strength chai'actor- 
istics of unbleached eucalypt kraft pulps uas studied at 
different freeness levels (°SR) using a Valley beater for 
refining. Beating curves were obtained for the freeness 
range of 18-80 ‘’SR corresponding to beating period upto 60 rniii# 
Figure 7i,l, The pulij hand sheets were conditioned and 
tested for tear index, burst index, tensile index and folding 
endurance, and the results are summarized in Figures A.l - A. 6. 
The beating characteristics obtained for eucalypts are similar 
to the behaviour noinmally observed with hardwood kraft pulps 
and showed the following trends? 

1, Freeness levels of 20 and 40'’SR are obtained 
after boating for 10 and 30 min resixsctively, 

2, Tear index shox-^s a maximum (8,2) at 50 °SR and 
is about 7,5 at 40 “SR, 

3, Burst index develops rapidly with boating to 
about 4 at 40 ®SR, 

4, Tonsilo index develoi^s rapidly with beating 
upto 40'’SR and the rate declines with further 
beating, 

5, Folding endurance improves only at freeness 


levels above 40 °SR 






Pulp frccncss ‘SR 


ig. A*3 - Variation of bust Index with pulp freencss 
for eucalypt pulp. 




Tensile index, mN.m^/g 





Folding endurance 



Tcnr indczx, mN. r.'! /g 
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6. The correlation of tear index and burst 
index shows that the maximum tear index 
obtainable is 8,2 with burst index of 4.5, 

Thus the eucalypt kraft pulps must be beaten to 40 °SR 
to develops the potential strength properties - tear, burst, 
tensile and folding endurance. 

Pine Kraft Pulps ; Beating characteristics of unbleached 
pine kraft pulp samples also were determined in the same 
manner and the results are graphically presented in Figures 
A. 7 - A. 12, The graphs in Figures 7\,7-A.12 lead to the 
follcivring observations, 

1, Frecness levels of 1-i, 16 and 40 °SR are obtained 
after beating for 10, 30 emd 60 min,rosi)ectively, 

2, slight beating (15-20 ®SR) gives a high tear 
index and decreases rapidly past 20 "SR and 
reaches a value of 15 around 40 ®SR, 

3, Burst index develops V7ell uxjto 40 *SR etnd 
reaches a steady value above 40 ®SR, 

4, Tensile index increast:s raj;idly until 40 ®SR 
and reaches a constant value above 50 °SR. 

5, Folding endurance plots show a maximum at about 
40 ’SR and decreases at higher freeness levels, 

6, Burst index incireases while tear index decreases 
with beating. Consequently the tear index - 
burst index correlation shown in Figure A, 12 



djncj 








Pulp free ness,® SR 


Fig. A-11- Variation of folding enduronce with treeness 
for pine pulp. 




2-0 3-0 4 0 

Burst index, k Pa. m^/g 

g.A-12-Correlation of tear index and burst index 
tor pin pul:'. 
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shows cl continuous decrCciso of tear index 
with burst index. 

The above data shows that slight beating of i:>ine 
(15-20 ®SR) would give good tearing resistance and the 
other strength properties - burst, tensile and folding 
endurance devolope only on beating to alxiut 40 ®SR, 7^ 
comparison with eucalypt pulp, (at 40 °SR) shows that 
pine pulp has sviperior tearing resistance (14 vs 7-8), 
better bursting strength (5,5 - 6,5 vs 4,0), suix-rior 
folding endurance (1400-3200 vs 50-175), and both have 
similar tensile strength values. 

Thus both eucalypt and pine kraft pulps must be beaten 
to 40 °SR to develope the ij<jtential strength properties — 
tear, burst, tensile and folds. The pulps obtained from all 
the experiments of this study are beaten to 40 °SR for the 
determination of strength properties of the pulj:) handshoets. 



APPEJIDIX; IV 


YATES'S algorithm FOR A 2^ FACTORIAL DESIGN 

The analysis of the results of factorial experimental 
designs give the main effect of each factor (process 
variable) and the interaction effects bt:; tween the different 
variables on the overall response. The main effect of a 
variable measures its average effect over the experimental 
range of all the other variables. Yates's algorithm is a 
quick method of calculating these effects. 

The ex]-jerimental design is arranged in a standard 

3 

manner as shov/n in Table 3,2 for a 2 design. Table a~ 1 
shows a standard form of table for Yates's algorittwt in 
which data for pine pulp yield (Table 6.3) have been arranged 
systematically. Eor simplicity^ the variables arc; denoted 
by the letters A, B and C for chemical charge, tem[erature 
and time respectively. The column entitled 'troatmf;nt combi- 
nation*, represents the standard notation indicating the 
actual levels used for the experiments in a two level design. 
Thus, presence of a small letter (a,b or c) means that the 
variable is at its higher level and its absence signifies 
that the variable is at the lower level. Thus, tr-atment 
combination (1) means all the three variables are at the 
lower level; treatment combinations a, b, c refer to higher 
level of A,B, and C and ah, ac,bc refer to the higher levels 




c. oo 


total yield by 0.93 per cent. Similarly the average 
effect of temperature ( 165-175 ®C) increase is to decrease 
the yield by 1.9 per cent. The average effect of on increase 
in pulping time (60-90 min.) is a decrease in yield by 
0.41 per cent, Chemical charge and temperature show on 
interaction effect decreasing the yi«..ld by 0.3 per cent. 

The statistical significance of the calculated effects 
and interactions must bo determined using on cstiraato of the 
p)Ossible experimental error/ obtained from rej^dicate deter- 
minations, In tihe absence of replicate experiments/ the 
significance of the factors can also be det'-'rminod by cons- 
tructing variance tables and the sum of squares of the 
interaction terras are taken as an indication of error variance 
(Davies, 1967; Box et al. 1978), Sura of squares for a factor 
or interaction is obtained by squaring the corresponding 
clement in column(3) of Table A.i and dividing by 8 (except 
for the grand averiage), 7dl those sums of squares have only 
one degree of freedom and hence the mean squares (M.S.) will 
bo equal to the sum of squares. The mean squares are used 
for the analysis of variance in Table A, 2, 

The sum of squares of the four interaction tw-nns - AB/ 

AC/ BC and ABC is 2,841 with 4 dogrvics of freedem. The ire an 
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square for error variance is then = 0.7102, Tho 

variance ratio is the ratio of mean square to the error 
variance for each effect or interaction. The variance rritics 



are given in the last column of Table A. 2, F-ratio from the 
statistical table (Himrnelblau# 1967) at 95 per cent confidence 
level and at 1 and 4 degrees of freedom is (Pq (1^4) = 
7,7086). This value is compared with the value of variance 
ratios in the table. It is seen that only the variance 
ratio 10.245 corresponding to the temperature change is 
higher than the tabulated value of F-ratio. Alternatively, 
mean square necessary for a factor to be significant is 
given by (M.S.) = F-ratio x error variance (7,7086 x o.7lo2 
= 5.492), which also shows the significant influence of 
temperature. Hence it is concluded that in the oxj^xirimental 
range studic.-d, only the pulping temperature has significant 
effect on yield. 
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TABLE A* 2: KRAFl’ PULPING OF PINE 

2^ factori/iL design 

ANAiySIS OF VTiRIiiNCE FOR TOTAL PULP YIELD 


Sources of 
variations 

Snam c-f 
squares 
( S.S. ) 
Tc'iblc 7>.-l) 

Degree of 
freedom 

Mean sqriaro 

S.S. 

Variance rati 

M.S. 


(d.f.) 

M.S. - 

Error vari- 
ance 

A- chemical charge 

1.739 

1 

1.739 

2.448 

B-temie rature 


7.277 

1 

7.277* 

10.245* 

C-time 


0.340 

1 

0.340 

0,478 

7i.B“Chem ,-temp. 


0.183 

1 

0.183 

0.257 

AC-chem-t ime 


0.201 

1 

0.201 

0.283 

3 C~t e-m.; ■ . -t imo 


1.470 

1 

1.470 

2.069 

7vBC-chem-temiJ- 

time 


0.987 

1 

0,yb7 

1.389 

Error varianan 
(sum ef inter- 
action terms) 


2.841 


0.71025 



Fp, nc (1/'^) = 7.7086; Mean square for signif icanoa = 7.7086 x 

■ 0.7125 

= 5. ‘.92 

*Significant at 95 Tx;r a^nt confidance level 


Alternatively: Standard error in yield dt 2 termination = l,0-i2 

(frora centr-.l point experiments in (d,f.=e) 

main design) 

Error Vvariance = 1.0857 

Fq 95 ( 1 ^ 8 ) = 5.32; M.S. = 5.32 x 1.0857 = 5,776 

Fq gQ (1,8) = 3,46;M.S. = 3,46 X 1.0857 = 3.7567 

Since mean square (M.S.) for tomx:erature is grea.ter than tine 
mean square for significance at 95 per cent confiefent levf.-l, 
temperature is considered significant. 
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YATES'S ALGORITH-1 FO R 


FACTORI/iL DESIGN 


Tho experimental data of screvsnod leulp yield 

are an^zod by Yates's algorithm and tho results are 

summarized in Table A. 3. The effects of time - to ”■ 

temperature and pulping temperature vjoro studied using a 
2 

simple 2 factorial design (4 oxpts.). 

The average effoct of time-to- temperature (60-120 min! 
is to increase the screened yield by 1,9 pox' cent 'w/hilo uhc 
average effect of increasing ]jul 3 )ing tornijerature (160-170°C) 
is a decrease in screened yield by 0.8 per cunt. Ttie inter- 
action offoct shovrs that if bijth tho time-to~temiX2raturo and 
tempo rature are at the higher level, the result will be a 
further docroase in screened yield by 0.6 i 5 er cent. Thus 
it would bj adivisablu to increase the timO“to~toini>eraturo 
and to pulp at a lov/or tomijeratur^^ l^vc-1 for maximum screened 
pulp yield. 

To deterraine the statistical significrance of the 
calculated effect, it is assumed that the urrur variance 
between replicated runs (E-1,E1R and E-4, E-4R) v;ill give an 
estimate of the total variability affecting runs made at 
different experimental cr^nditions (Box ot al. 1978). 

Error variance of tho two expariments repeated at 
identical conditions is given by tho eepaation 
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2 



where - difference betx/eon the two resiX)nses (yields) 
for the repeated exx^eriments. The overall variance is 
calculated by the equation 



where k - number of exx^eriments rej-x;ated (=2) 

The estimated variance of the effect is calculv-tod by the 


formula 2 

2 = !y_ 

®v N 

where M - number of exxx:rimt-'nts in the dosiyn (-4) 

The significance of the main effects and interacti'-ais is 
tested by constr^acting th<-- confidence interval for the effects 
by the fcAlowing foimula 

« — 

Effect t„ rsn /Estimated variance of the offoci 

Ai 

Students' t value at 95 i 3 er c.mt confidence level (5 per cent 
significance) and 2 degrees of froedora (one degree of freodora 
for each rojjlicated test) is eqiaal to 2.92 (Hirniaelblau/ 1967). 
If absolute value of the main effO'Cts ‘and inter.:ctio'ns is 
found to be larger than the confidence interval calculated 
by the above formula/ the effect is considered to be 
significant. 

Sample calculatit/ns for the estimation of error 
variance and confidence interval fvjr screened pul^s yield is 
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also givon In Table A, 3, The confidence interval for 
screened yield is + 0.286 and thus both the main effects 
and interaction are significant. 
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TABLE 7i-3! EFFECT OF T IME-TO-TEMPERT/fURE JvI.’D TEi'IPER/i.TURE 
IN KRiAFT PULPItJG OF EUCALYPTS 

ANJ'JjYSIS by YiATES'S .ALGORIT^i!'! FOR SCREErTED PULP YIELD 


Expt . 
No. 

Treat- 

ment 

combi- 

nation 

screened 

pulp 

yield, % 
Y 

Algorithm 

(1) (2) 

Identifi- Coiafi- 
Estimate cation^ denoe 

of interval 

effect 

E-1 

(1) 

46.50 

95.47 

189.31 

47.33 

Average - 

E~2 

a 

48.97 

93.84 

3.75 

1.88 

A == 1.88+0.2b6 

E-3 

b 

46.28 

2.47 

-1.63 

-0,82 

B = T -0,82+0,286 

E”*i 

ab 

47 . 56 

1.28 

-1,19 

-0,60 

ab ^ tj^xT- 0.60+0.286 


<1 ri-timG-to-temijeriituriw-, B-tomiJ 2 raturo 


Estimation o£ confidoncv:; Interval ; 

2 

E"1 yield = 46.50 Error variance = 0,0009B with 1 d.f, 

E~1R yield = 46,36 


E""‘‘i y io Id — ‘■irV . 56 

2 

E-4R yield = 47.17 Error variance 

2 _ 

Experimental error variance (pooled)/ s - 

2 ^ 


= 0.0760 with 2 d.f 

s2 s2 

= 0.0385 


. . 2 Y 0.0385 ^ 

Estimated variance s = ^ — = 0.009625 

V i'i tJC 

Students' t value at 95 per cent Conf iciincc level and 2 degirees 
of freedom 




^ 0 . 95/2 
Confidence interval; 


2.92 


+ to 95 2 Estimated variance 

+ 2.92 /''o7oc9625 

A/ 

+ 2.92 X 0.0981 


+ 0.286 
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APPEl’JDIX VI 

ANALYSIS OF EFFECTS FOR A 3x2 FACTORIAL DESIGN 

The effects of chemical charge and chip thickness 
were studied using a simple 3x2 factorial design (6 e:c.peri~ 
ments)* The experimental data of total pulp yield are 
analyzed by Yates's algorithin and the results are illustrated 
in Table A. 4. The entries in columns give total pulp yield 
at constant chip thickness and the entries in rov;s correspond 
to yield at constant chemical charge. The columns or rows 
entitled 'Total' and 'Mean* give total and average yield 
respectively at a constant chemical charge/chip tliickness. 
Thus 48*7 per a-int is the average yield for the three 
experiments conducted with 2.5 mm thick chips while 48*55 
per cent average yield is obtained for pulping with 17 per 
cent chemical charge. 

The linear effect of chemical charge is calculated 
by subtracting the mean yield at 15 per cent chemical charge 
from the mean yield at 17 per cent chemical charge and 
dividing the result by 2, The quadratic effect of chemical 
charge is the sum of mean yields at 15 per cent and 17 per 
cent chemical charges minus twice the mean yield at central 
point condition of chemical charge (16 per Cont) and dividi.i 
the whole by 2, The linear effect of chip thickness is 
simply the difference of moan yields at the two levels of 
chip thickness. 
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The main linear effect of chemical charge is to 
decrease pulp yield by 1 per cent with an increase in 
chemical charge of 1 per cent. Positive quadratic effect 
of chemical charge shov/s that low level of chemical charge 
has a pronounced decreasing effect on yield. The increase 
in chip thickness from 2,5 to 3,5 mrn increases total yield 
by 0,9 per cent. 
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TABLE A-4: INFLUENCE OF CHEMICAL CHARGE AND CHIP 
THICKNESS ON THE KRiAFT PULPING OF 
EUCJiLYPT 

ANALYSIS OP EFFECT BY YATES'S ALGORITHM FOR TOTiiL 

PULP YIELD 


Chemical 

charge^ % 

Chip thickness, mm 

Total 


Level 

Actual 

value 

Level ; 
Value s 

-1 

2.5 

2 

3.5 

-1 

15 

(E-11) 

49.6 

(E-14) 51.5 

101.10 

50.55 

0 

16 

(E-12) 

48,1 

(E-15) 48.5 

96.60 

48.3-. 

+1 

17 

(E-13) 

48,4 

(E-16) 48.7 

97.1 

48.55 

Total 



146.10 

148.70 

294,8 


Mean 



48.70 

49.57 



Nirtibe r s in 

; parenthesis 

show 

expe rime 

^nt nos. 




4R SS— 50 55 

Linear effect of chemical charge = ( — ~ — ^ “ — ) ~ -l.CO?- 

Quadratic effect of chemical 48.55^-50.55-2x48,30, 
charge = ( ^ ) 

= 1,25% 

Main effect of chip thickness = (49,57-48,70) = 0,87 5-^ 
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APPENDIX VH 

FflHTRAN program FOB XATES'S ALGORITHM 


KRAFT PULPING OF PIN ECP, roxburCTii V latlfoUa) 


The five puipinq variables are (Design order): 

1, Chemical charge, %AA as Na2fi 16 - 19 

2, I'eroperature, C 165 - 175 

3, Time, min, 60 - 100 

4, Sulfidltv, » 20-30 

5, Liquor-to-wood ratio 3,5 - 4,0 

The halt traction of the 2**5 factorial design [2»*C5-1)) was 
constructed as follows: 

1, A full 2’i‘*'4 design was written for the four variables 1,2, 3. 4 

2, The column of sign for the 1234 interaction was written, and 
these were written to define the levels of variable 5, 

Thus we maice 5 = 1234? 

This relation is called the generator of the design, 

3, The effects are calculated using Yates's algorithm for 
4 variables in the standard order, 

4, the calculated effects are associated with their appropriate 
aliases to determine the effect of 5 variables and the two 


factor interactions 

123 = 45 

124 a 35 
134 a 25 
234 a 15 

1234 a 5 

The variables are identified 
Chemical charge 
Temperature 
suitldity 

Mquor-toOwood ratio 
Time 

The mean value and interaction 
Mean value 


in the following order! 

(1) 

( 2 ) 

C3) 

4) 

5) 

terms are 
0 


identified as: 


Chem.Temo, interaction 12 

Temp, Time Interaction 25 etc. 



t it it it it >r >t it it it it it it it it it > 
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mES*S ALGORITHM FOR THE CALCULATION OF EFFECTS ANO 
INTERACTIONS FOR A 2-LEVEL FACTORIAL DESIGN, 


TDENT 


Description of Parameters: 

N Total number of experiments C=2»*ic), 

Y Vector of responses (Experimental results), 

YY Intermediate vector. 

SyStB,, Number of factors (variaoles) in the deslgnCfc), 

ENTRY Matrix of entries generrated oy Yates's algorithm, The 

number of columns In ENTRY is equal to the number of 
factors CR) in the design. 

EFFECT Main effects and interactions obtained by dividing the 
entries in column K by N/2, except the first entry# 
which is divided by N, 

TDENT Identification of*the main effects and interactions# 

DIMENSION* Ya6)"T*yY(l6T’*’ENTRYaUU’7*EFFECT(li)"7'*IDENTa6) 
NVAR =4 
N = 16 

READCl#*) # (IDENT(n#I = l,N) 

READC1,») , (y(I),l=l#N) 

DO 15 Is 1#N 
YYCI) = YCI) 

DO 100 J = l.NVAR 

NBALF = N/2 

DO 50 I = 1#N 

IFCI .GT, NHA£f) go TO 40 

II = 2*1 

ENTRYCI.J) = YYCII) + YYCII-I) 

GO TO 50 

II s 2*tI-NHALF) 

ENTRYCI.JJ = YY(II) - YY(II-l) 

CONTINUE 
DO 60 I = l,N 
YYCI) = ENTRY(I,J) 

CONTINUE 

EFFECT(l) = ENTRYCl #NVAR)/N 

DO 120 K = 2rN 

EFFECT(K) = ENtRyCK,NVAR)/NHALF 

PR I 121 

FORMAKSX, 'YATES ALGORITHM ' ,3X, 'KRAFT PULPING OF P1NE',3X# 
I'FRACTIONAL FACTORIAL DESIGN 2(5-1)’#//) 

PRIi^JT 122 

FDBMATOOX# 'SCREENED PULP YIELD'#//) 

PRINT 123 . 

FURMAT(5X# 

PRINT 124 * 

FORMAT(/#5X#'Exp,'r3X,'Response'#5X#'(l)f ,7X#'(2>',7X# '(3)'#7 
1X#'{4)',5X# Estlmate*2X#'Ident'#/) 

PRINT 123 

PHINT^126^ I 1'y(I) # (ENTRY(I#J)#J=1,NVAR) # EFFECT(I) #IDEMT(] 
CONTINUE . „ 

FORMAT(5X,I2#2X#6F10,2,I7#/) 

PRINT 123 
STOP 

END _ 
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APPRRiOIX VIII 

FORTRAN PROGRAM FOR LINEAR REGRESSION ANALYSTS 


linear regression analysis 


This proqram uses Subroutine 5TREG for calculating Beta 
and other statistical parameters for linear regression 


vector 

^ f • • • # ^ 


MV actual number of independent varlablesCexpllclt ) - xt(«..«x£ 
M total number of variables CDependent+Independent(axplicit+ 
Imbltclt)) ^eg,, (xt ,x2,,., ,xll,x22,..,,xi2,xl3,,,, ,X453. 
also eduai to tne total number of parameters to be e$tiraatt<l 
eg, , CbO,bl ,b2, . , , ,h5,bl I jb22, , , , . ,b55,bl2,bl3r , , , #b4S) , 

N total number of observations on each variable. 

The first variable is taken to be the dependent variable vector 

Only t^e design matrix xl#,,,jX5 is read, the Implicit varfbles 
xll,,,,,x4S are computed in the main program. 


Main Rrogram 


Linear 


rresslon s 


dimension X(50,lOO),XBAR(50),SC50.50)iA(50,50),R(l 
dimension B(50),yHAtC100),YRES(100),SER(505 
PRINT 1 


eqRMATCIOX, 'STATISTICAL REGRESSION ANALYSIS - LE 
ID'//) 

READ(li»),M.N,MV 
DO 10 Ial,MV 
REAO(l,*),CX(I,J),Jal,N) 

Transformations (implicit variables calculated 

variables) are added here s 


LEAST SQUARE METHC 


from explicit 


DO 15 

These parameters are the souare and interaction terms in the 
general second order model for the 

KRAFT PULPING OF EUCALYPT 


XC7,J) s 
XC8,d) = 
XC9,J1 » 
X(l6,J)a 
XCtlrJ)® 

xa2,j)s 

Xti3lj)= 

X(14,J)a 

XC15ld)a 

XC16,J)a 

XC17,J)= 

Xh8,j)a 

Xn9,J)a 

XC20,J)a 

XC21W’« 

CONTINUE 


XC2,J)*«2 

XC3,J)m*2 

XC4,vJ)»»2 

XC5,vJ)>l!*2 

XC6,J)*»2 

XC2,J)SX(3,J) 

XC2,J)»X(4,jj 

XC2;j)»X(5;j) 

XC2fd)*XC6,J) 

X(3,J)»XC4,J) 

XC3,J)*XC5,J) 

XC3,J)»X?6,..1) 

XC4,J)4X£5,J) 

XC4Ij)*XC6;J) 

XC5Ij)4X(6;J) 


ronTt muf 

cM STREGCM,N,X,XBAR,S,A,AA,B,SEE,YHAT,YRES,R2,r,SER,SSR) 
CALL C0RP(M,S,R) 


MlaM-l 
CONTINUE 
GO TO 57 
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Sfeip to statament 57 if inverse x*x and the correlation 

aiatrlx are not needed, 

^RINT 22 

of X*X in DEViftTION FORM'') 

DO 23 lal.Wl 

FORMATfSX,*CORREtATION MATRIX IZERO IS DEPENDANT VARTABLEK) 

continue 

DO 50 lal.M 

DO 51 1*1, M 
11*1-1 

PRINT *.(RCI,J+l),Tl,J,JaO,Ml) 
JgRM»Tdx,5(S(5X,H0.5,'tM7,%%l2,')%2X3,/)) 

PRINT 60 

PORMATC//,5X,'MUl4TIPUe REGRESSION AND SELECTED UNIVARIATE', 

1 'STATISTICS*) 

PRINT 115 
PRINT 62 

FORMAT C 13X, 'VARI ABLE'. 19X, 'MULTIPLE', 23X, 'UNI VARI ATE', /.14X, 'NUN 
IBER'.IOX, ‘regression*. 22X, 'STATISTICS',/, 31X, 'SLOPE', 1 OX, 'StD.E 


f&.A, 'ic.*!™ , ' A, O t U, I/r. V t ,U'' » 

PRINT 115 

F0RMlT(i^j'DEPENDAN^^;Bi®%!i'^lixJ^i!rt'JlxliFff?J,/5X, 'INDEPEN 
IDENT 1^»4F17,4) 

IF(M1-13 82,82,69 

continue 

DO 70 1*2, Ml 

PRINT 80,1,8(1) ,SER (I) ,XBARCI+t ) ,SC I+l ,1+1) 

F0RHAT(l8X,l2,4h7,4) 

PRINT 115 

PRINT 85 ,AA,R2,SEE,F 
PRINT 115 

FORMAKSX, 'INTERCEPT*', FR. 4, 3X. 'MULT. R-SQUARED*',F7, 4, 3X, 'STD, BR 
IRHR of E5T,*',2x,F9,4l'Fa' Fi6,4) 

PRINT 90 

format(/.5x,'actual and estimated values of dependant variable', 
I//, 13X,‘ ACTUAL', 9X, 'ESTIMATED', 9X, 'RESIDUAL'/) 

DO 100 1*1, N 

PRINT tlO, I, XClrlJi YHAT(I), YRESCD 
F0RMAT(5X,I2,F13,S,2F17,5) 

FORMAT (5X, 

^ii$m mm m m wrnmm ^ j|[ 

COWTINUe”"" 

STOP 

END 

subroutine STREG(M#N,X,XBAR,S,A,AA,B,SEE,YHAT,¥RES,R2,F,SER,8«E) 

This subroutine computes the Beta vector for linear regression 
It also calculates the standard errors of each Betafe,K»i,2/#tK 
and the standard deviation of each variable, in addition the 
program calculates the Multiple Correlation Coefficient R2, 
the standard error of estimate, and the F-ratio, Also, the 
actual and the estimated values of the dependent^varlabies 
aionawith the sample errorCor residual) vector e' are computed 
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The Inverse of the eatrlx x^x Is also shown. 

Subroutine STREC also uses Subroutines MEA« , COVAR , TNVS, 
Description of arguments in Subroutine STREG i 
M TOTAL WUMSER OF VARI AiLESCDEPEMDENT+INDEPENDFMT) 

M TOTAL NUMBER OF OBSERVATTQNS ON EACH VARIABLE 

X DATA MATRIX 

XBAR VECTOR OF MEANS 

S COVARIATION MATRIX 

A X^X BEFORE INVERSION, (X*X)INVERSE AFTER INVERSION 

AA INTERCEPT 

B VECTOR OF SLOPES 

SEE STANDARD ERROR OF ESTIMATE 

THAT VECTOR OF ESTIMATED VALUES OF DEPENDENT VARIABLE 

R2 MULTIPLE CORRELATION CDfiFFICIENT 

YRE5 VECTOR QF RESIDUALS, OR ERRORS 

F F-RATin 

SER VECTOR OP STANDARD ERRORS FOR THE SLOPES 

SSE SUM OF the SOUARED ERRORS 

DIMENsiQ^XCSoTIooIIxBARcionsHorSOKAcioriojrBCSOj"*'""*** 

dimension YHATUOO), yRES(l00),SCR(50) 

CALL MEANfM,N,X,XBAR) 

MlsM-l 

CALL COVAR(N,N,X,S,XBAR) 

DO 20 I®1,M1 
DO 20 Osl.Ml 
ACI,U)aS(l+l,J+l) 

CALL INVSCA.Mll 
DO 25 Ial,Ml 
8CI)»0.0 
DO 25 3sl,«l 

3CI)»0CI)tS(l,Utl)»A(J,I) 

Aa*0,0 

DO 27 Tsl.Ml 
AA»AA+XBAR(I+l)fBCI) 

AA»XBARC1)-AA 
SSEsO.O 
DO 35 Tal,N 
YHATdJaO.O 
DO 30 .Ja2,M 

YriAT(I)ayHAT(I)+BCJ-l)MXtJ,I) 

YHATCI5aYHAT(I)+AA 

YRE5CI>aX(l,I)-YHATCp 

SSEaSSE+YRESCb»YRESa) 

R2SCSC1 ,l )-SSE)/S(l ,1) 

F a (R2^FLnAT(Ml)3/{(i,0-R2)/FLOATCN-Ml) 
SEEaSQRTCSSE/PLOATCN-M)) 

DO 52 Ia1i-Ml„ . 

SER ( T ) aSEEYSQRT ( A ( I , T ) ) 

RETURN 

END 


R2)/FL0ATCN-M1) 


SUBROUTINE MEANCM,N,X,XBAR) 

This Subroutine computes the vector of sample means XBAR £ro» a 
matrix of observations X(M,N) ,«h|ch has M variables with N 
observations on each variable, txbar contains M Means, 
DIMENSION XC50,100?, XBARC50) 

DO 20 Tal,M 
SUMaO.O 
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10 

20 


C 

C 

C 

C 

C 

C 


10 

2U 


C 

C 

c 

c 


10 


c 

r 

c 

c 

c 


3 

5 


9 

10 


DO 10 0*1, W 

sum*sum+x!i,J) 

XBABa)*S0M/rtDAT(S) 

RETURN 

END 


SUBROUTINE COVA** CH,N,X,S,XRAR) 

This Subroutine computes the matrix x''x from the matrix X, 

X a X - XBAR 

The M*M matrix S is x'*x upon exit. 

To convert x^x into the sample covariance matrix, one needs 
only to divide each element of s by Cn-13, 

DIMENSION XCSO, 100) ,S(S0,50) ,XRARC50) 

DO 20 1=1, M 
DO 20 KsI,M 
SIKsO.O 
DO 10 Jsl.N 

SIKaSIK+(j(CI,J)-XBAR(:i))#CXCK,OI)-XRARCK)) 

Sa,K)sSTK 
SCKlDaf-- 


V, ^ ' 

RETURN 
END 


sSTK 


SUBROUTINE C0RR(M,S,R) 

This Subroutine computes the correlation matrix R from ^ 

x^x or the covarlane matrix, S, Tne elements of R are defined 
by ri1 = si1/SQRT(sli,sj3) ? sil are the elements of S, 
DIMENSION SC50,SO),R(50,501 

RCI, 1)=1.0 
DO 10 0*2. M 

RCJ, J)"1.6 
J1*J"*1 

DO 10 1*1, J1 

Ra,J)»SCI,d)/SQRTCSCI,I)MSCdrd)) 

RCJ,l5*R(Ira) 

RETURN 

END 


SUBROUTINE INVSCA,M) 


This subroutine 

inverted need not be 
matrix is destroyed 
singular and cannot 
niMENSTON AC50,50) 

DO 20 Kxl,M 
ACK,K)x-l,0/ACK,K) 

DO 5 Isl.M, , 

IFCI-K) 3,5,3 
A(I,K)x-ACT,K)#A(K,K) 

roNfiNnE 
no 10 ixi,M 
DO 10 J=t,w ^ ^ 
TFCCT-K)=*'(‘J-J^) 5 9,10 


inverts a matrix by sweeoing. The matrix to be 
symmetric, out it roust be sauare , Th# 
upon Inversion, The matrix A ®«ist be non* 
have any zeros on Its main diagonal. 


ACI.JJsA 

continue 


1 JJ 

ACI,J)-ACI,K)»ACK,J) 


DO 20 Jxl,M 
IFCJ-K) 18,20,18 


18 ACE, J)s«"A(i^ ,>J)^ACK,K) 
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20 

25 

C 


CONTINUE 
DO 25 Ial,M 
DO 25 JaljM 
A(I, J)a-.ACT, J) 

return 

END 


\ 
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APPENDIX IX 

FORTRAN programs FOR the OPTIMIZATION OF MULTIVARIABLE 

uncomstraineo functions 


KRAFT PULPING OPTIMIZATION 


•cTaft oulploq cao be used to locate toe 
optimum puling conditions necessary to give toe pulp of desired 

optimization problem with inequality constraints* in 
!!« constrained problems, the various optimisation methods 
differ only in the way In which tijey find the feasible point and the 

Poiot Is one that satisfies ail the 
? 2 ^fH®i 04 ® 2?** a feasible direction is the direction of Imorovement 
in the oblectlve^function. Two methods have been used in this study* 
jfConstralneg Rosenbrock Method" -• a gradient method and 
C2) •Complex Method of Box* — a nongradient method, 

multivariable constrained OPTIMIZATION PROGRAMS 

These two programs find the maximum of a multivariable, nonlinear 
function subject to nonlinear Ineguality constraints* 

Maximize F(xl,x2, 

Subject to Gk «» Xk kx fik , k«l,2, 

The implicit variables x(N+u,,,,,,xM are dependent functions of the 
explicit independent variables xi ,x2,.,,,xN, The upper and lower 
constraints Hk and Gk are either constants or functions of the 
independent variables. 

In this study the objective function F(pulp yield / burst 
index / tear Index) is a function of 5 explicit independent variabietl 
chemical charge(xl), temperatureCx2) , sulf IdltytxS) , liguor-to-wood 



The upper and lower constraints Hk and Gk are all constants 
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COHSTRAINED R0SEN8R0CK METHOD 
— MAXIMIZATION PROGRAM 

f sequential search technique for non*linear 
objective functions subfett to non-linear inequality Constraints 
and does not require any derivatives. 

The procedure requires a starting point that satisfies 
the constraints and does not lie In the boundry tones. The 
algorithi then proceeds as per a unconstrained RosenbrocHr 
procedure until convergence is reached or a boundry *one in the 
vicinity of the constraints is entered. 

The unconstrained Rosenbrocfct proceduire proceeds as folloest 
1, A starting point and initial step sites Sii l»1.2,.,,»Nr are 


the axis, and the function evaluatea. If the value of r Incr- 
eases (maximization ) , the move is teraed a success and 51 
Increased by a factor alpha, alpha>au,0. If the value of f 
decreases^the move is .termed a failure and si decreased by 
a factor beta, 0<beta<«l,0, and the. direction of movement 

^ reversed. 

3. The next variable, Xi, is in turn stepped a distance Si 
parallel to the axis. The same acceleration or deceleration 
and reversal procedure is followed for all variables in 
consecutive repetitive sequences, until a successCincrcase in 
F) and failureCdecrease in F) have been encountered in all 

N directions. . r 

4. The axes are then rotated in such a way that the direction Of 
search is orthogonal to the first and is determined sy 
normallied direction vectors from the previous stage, 

5. Search is wade In each of the X directions using tfiie new 
coordinate axes. 

The following additional steps are carried out after t 
each function evaluation for the Constrained Rosentoroci 

^ Algorithm: 

1, The boundry zones are defined as follows: ^ 

Lower Zone: GX. ^ tGX+px-CX>, igE-OfJ 

upper Zone: Hie >= Xx >» (HK-CSX'-GX) . lOEyOdj 
Define by FO the current best objective function Value for a 
point where the constraints are satisfied, and F* the current 
oest objective function value for a point where the 


constraints are satisfied and in addition the boundary foniS 
are not violated, FO and are initially set equal to the o 
objective function value at the startlnq point. 

It the current point objective function evaluation, F, if 
worse than FO or if the constraints are violated, the trial 
is a failure and the unconstrained procedure is continued. 

If the current point lies within the boundary »on#, the. 
objective function is modified as follows: 

FCnew)sFCold)-CF(old)-F*)(3VLa®-4»Lam**2+2*La«ee3) 

HHAr# 

Lam » (distance into boundary 8one)/(wldth of boundary 

ioneJ 

* (GX-KHlC-GX),10E-04 -Xt) /( (Hfc-GX) . l0|-04) 
s; (XK-CHX-Crtte-Gfc) .10E-04))/((HX-GK!),10E-04) 
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10 

100 

200 

13 

20 


ht the inner edge of the boundary tone Laiii»0, W?neir)«F?oid)|, 
At the constraintr l.aroal and thus F(new)aF», Thus the 
function value Is replaced by the oest current function value 
In the feasible region and not In a boundary *one. For a 
function ^ich improves as the constraint is approached# the 
modified function has an optimu® In the boundary sone* 

4, If an improvement in the oBfectlve function has been obtained 
Fithout violating the boundary sones or constraints, F» is 
set equal to FO and the procedure continued, 

5, The search procedure is terminated wnen the convergence 
criteria is satisfied. 


DESCRIPTION OF PARAMETERS 


FOR MAXIMIZATION, 


M PROBLEM CONTROLDERy >1 

-1 FOR rtINiMIZAXIDH. 

P NUMBER OF VARIABLES 

K POINT INDEX 

h NUMBER OF VARIABLES + IMPLICT CONSTRAINTS 

LOOPY MAXIMUM NUMBER OF STAGES TO BE CALCULATED 
PR PRINTING CONTR0LLER(N0MBER OF STAGES oETNEFN OUTPUTS) 

ND STAGE controller. 1 FOR STORAGE IN DA, 0 FOk NO STORAGE 

DA GENERAL STORAGE VECTOR 

NDATA NUMBER OF DATA POINTS TO BE READ IN DA 

NPAR DIMENSION LIMIT IN SUBROUTINES 

E VECTOR OF INITIAL STEP SIZES 

X VECTOR FOR INITIAL GUESSES FOR VARIABLE X 

N dimension limit in SUBROUTINES 

NSTEP CONTROL ON STEP SIZES FOR EACH ROTATION? 0 FOR ORIGINAL 
STEP SIZES, 1 FOR STEP SIZES FROM PREVIOUS ROTATION 
V DIRECTION VECTOR 

DELY ERROR IN OBJECTIVE FUNTIONC DIFFERENCE BETWEEN PRIVIOOS 

AND CURRENT VALOES^OF THE OBJECTIVE 

FUNTION’sUBPROGRAMSrrr""* "* — — 

FUNCTION F(X,DA.N,N§llft) SPECIFIES OBJECTIVE FUNCTION^^ 

FUNCTION CXtX,DA,N,NPAR,K) SPECIFIES FUNCTION Tg BE SgNSTRAIMJP 

FUNCTION CGa,DA,N,NPAR,K) SPECIFIES LOWER BOUND OF CONSTRWWTS 

FUNCTION CH ( X , D A , N , NPAR , K ) _ SPEC IFI E5 .UPPER^B0UND_0F^C0NSTRAINTS 

COMMON KOUNT 
INTEGER P,PR,R,C 
REAL LC 

READCl,*) , M,p,L, LOOPY, PR, ND,NDATA, NSTEP 
DO 100 K=i,P 
READCl,^), XCK) 

CONTINUE 
DO 200 Jal,P 
READ Cl,*), £(J) 

CONTINUE 
PRINT 13 

F0RMATClHt,20X.*0 PTIMIZATION OF THE KRAFT 

PUKpRi».iHi PROCESS * »flv_*rnMRToaT»i»fi 


K K L. c 6 o o ,///,38X, 'CONSTRAINED B0SE!||R 
20CR ALGORITHM' , 7/, 20X, 'MULTI VARIABLE n6n|,i5EAR FUNCTION SUBJECT 
3ED TO NON LINEEAR INEQUALITY CONSTRAINTS',//) 

IFCND-1) 30,20,30 
DO 300 KA=l,NDATA 


READCl,*), DA(KA) 
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COpiKUB ^ 

LAP s PR-1 
LOOP « 0 
ISW s 0 
ISIT s 0 
KOUNT = 0 
TERM a 0,0 
DELT * 1,OE-10 
FI « 0,0 
MPAR a NDATA 
M a L 


40 

DO 40 Kal,L 

ALCK) a CCHCX,DA,N,NPAR 

61 

DO 60 lal,p' 

DO 60 J=1,P 

VCI,J) a 0,0 

IFCI-J) 60,61,60 

VCI,J) a 1.0 

60 

CONTINUE 

65 

DO 65 KK=l,P 

EINTCXK) a ECKK) 
CONTINUE 

1000 

00 70 J=1,P 

IFCNSTEP .EQ, 0) ECJ) 
SACJ) a 2,0 

OCJ) a 0.0 

70 

80 

FBEST a FI 
ta 1 

90 

IFCINIT .EQ, 0) GO TO 
DO 110 Kaf.p 

XCK) a XCK)+ECI)*V(I,K) 

110 

50 

DO 50 Kal , L 

H(K) a FO 

120 

FI a. FCX,DA,H,NPAR) 

FI a. FLOATCHjaFl 


a EIMTCJ) 


IFCISW ,EQ. 0) FOs^l 
ISW a 1 

IF(ABS(FBEST-F1)-DELY) 
TERM =1,0 
GO rO 450 
CONTINOE 

J a 1 

XC a CXCX,DArM,NPAR,J5 
LC a CGCX,DA,N,NPAR,J) 
UC a CHCX,DA,N,NPARiJ) 
IFCXC .LE. LC) GO TO 


122,122,125 


IFCXC .GE, UC 
IFCFl .LT, FO 
IFCXC ,LT. LC 
IFCXC .GT, UC 
HCJ) a FO 
GO TO 210 
CONTINUE 
8W aALCJ) 
IFCXC .LE. LC 
IFCLC ,LT. XC 
IFCUC-8W .LT. 
PriCJ) a 1.0 
GO TO 210 
PHCJ) a 0.0 
GO TO 190 


rn# f # w j 

LC ) GO TO 
UC) GO TO 
FO) GO TO 
LC+ALCJ) j 
UC-ALCJ)) 


420 
420 
420 
GO TO 
GO TO 


,0R. UC 
.AND, XC 
XC .AND. 


,LE. XC) GO 
,LT, LC+BW) 
XC .LT. UC) 



26o 


160 

170 

180 

190 

210 


220 


230 

240 

m' 

250 


265 

260 


280 

310 


330 

320 

390 


350 

340 

420 

430 


PW = (LC+8W-XC)/BW 

GO TO 180 

PW s (XC^UC+B«)/BW 

PH(J) s 1,0-3.0*PW4'4,0*PM*PW-2.0*PW»PW»P« 
FI * HCj)-f(n-H(J))*PH(J) 

CONTINUE 

IFCJ .EQ, L) GO TO 220 
<1 ■ J+1 
GO TO 130 
IMIT » 1 

IFCFl .LT. FO) GO TO 420 
DC!) a DCi) t E(I) 

ECl) = 3,0*E(I) 

FO a FI 

IF(SACI) .GE, 1.5) SA(I) = 1,0 
DO 240 5j=J,P 
IFCSAtJJ) .GE, 0,5) GO TO 440 
CONTINUE 

Axes Rotation 

Ral ,p 

C=1»P 
= 0,0 
R=1 ,P 


no 250 
DO 250 
VVCC.R) 
UO 260 
KR = H 
DO 260 
DO 265 


VV(R,C) = DCK5 » VCKrC )+ VVCR , C ) 
B(R,C) a VVCR.C) 

BMAGa 0,0 

DO 280 Cal.P 

8MAG a BMAG+BU,C)*B(1,C) 

CONTINUE 

RTCBMAG) 

MAG 
C»l#P 

8(lfC)/BMAG 
Ra2.P 


BMAG a s 
BXCl) a 
DO 310 

IR a R-l 
DO 390 


Cal.P 
SOMVM a 0,0 
DO 320 KKal,IR 
SUMAV a 0,0 ^ 

DO 330 KJal,P 

SUMAV a SUMAV+VV(R,KJ)»VCKK,KJ) 

SUMVM a SUMAV#V(KK,C)+SUMVM 

B(R,C) a VVCR.O-SUMVM 

no 340 Re2,P 

88HAG a 0,0 

DO 350 K=1#P 

8HMAG a BBMAG+B(R,K)»BCR,K) 

BBHAG a SORTCBBMAG) 

DO 340 C=1,P 

V(R,C) a B(R/C)/BBMAG 
liOOP a LOOP+l 
LAP a LAP+1 

IFCLAP ,EQ, PR) GO TO 450 
GO TO 1000 

IFCINIT ,EQ. 0) GO TO 450 

DO 430 IX*1,P 

X(IX) a XCIX)-E(I)»VfIrIX) 



uo 


450 


4 

14 

5 


470 

7 

480 

490 

8 

500 

9 

U 

12 


19 

16 

17 


ECI) => 
IFCSACI) IIiT, 
GO TO 235 
CONTINUE 


0,5»ECp 


5) SA(I) aO.O 


GO TO 80 


pCpjEQ. P) 

GO ro^ 90 

PRINT 3 

[Progress^ 'stage%8x,'function%ux,'progress%9x,%aterai. 

PRINT 4, £oOP,FO,BMAG,B9MAG 
F0RMArCi0X,l44E20,83 
PRINT 14, KOUHT 

F0BMAr(/,10X, 'NUMBER OF FUNCTION EFAUUATIONS »',I8) 

PRINT 5 

FORMAT!/, lOX, 'VALUES OF X AT THIS STAGE,') 

Print Current Values of X 
PRINT 6, CJ«,XCJM),JM=i.P) 

FORMAT!/, 10X,5C1X,'X(', II, *) « ',E10.5,4X)) 

LAP “ 0 

IFIINIT .EQ. 0 ) GO TO 470 
XFCTERM ,£Q, 1,0) GO TO 480 
IF!LQOP ,GE. LOOPY) GO TO 480 
GO TO 1000 
PRINT 7 

FORHAT!///,10X,'THE STARTING POINT MUST NOT VOILATE THE COHSTAIN 
ITS|^IT^APPEARS TO HAVE DONE SO.') 

PRINT 8*^ 

FORMAT!///, lOX, 'FINAL DIRECTION VECTOR MATRIX') 

DO 500 jm,p 

PRINT 11 

FORMAT!//, lOX, 'FINAL STEP SIZES') 




,E12,6,2X)) 



) s *,E12.6,2X)) 


JLP = P+1 
PRINT 17 

DO 19 JL a JLP,L 
PRINT 16, JL , XCJL) 
CONTINUE 


FQRMATf/ lOX 11 *3 **fF8 3) 

FORMAT!/^, loi^, 'V a£ue5 OF THE CONSTRAINTS AT THE OPTIMUM',/) 


STOP 

END 


W 

FV' 


FUNCTION FlX^CA^ft^^MR^^SPECIFIES THE OBJECTIVE FUNCTION, 

KRAFT PULPIG OF PINE 

The oblectlve is to ina)«liai 2 ?e Tear Index of the palp* 
DESCRIPTION OF ppAMETERS ... 

X!l) PERCENT ACTIVE ALKALI , CHEMICAL CHARGE ASHA20 
X!2) MAX, COOKING TEMPARATURE , DEGREE C 

X<3) PERCENT SULFIDIIY. 

X!4) LIQUOR-TO-WOOD RATIO, 

X(5) COOKING TIME, MIN. 



162 . 


DIMEHSION Xt8) , DA(1) 
COMMOM KOUNT 



Changing original variables into their coded forwsJ 

25-170. 0)/5,0 
35-25, 6)/5,§ 

45-3,755/0,25 
55-80. 05/20.0 

TEAR INDEX 



KOUNT = KOUNT+l 

RETURN 

END 




10 

20 


FUNCTION CXCX,DA,N£NPAR,K) 

FUNCTION CX specifies the Functions to be constralnted (Kapi^a 
_nmnber, screened pulp fields and burst index) 
DIMENSION XC8) , OAU3 


XI 
X2 s 
X3 = 
X4 5 
X5 = 

XI I 
X22 
X33 
X44 
X55 


XC1)-17,55/1,5 
CXC2)-l70, 03/5,0 
CXC35-25, 03/5,0 
CX(4)-3,753/0,25 
(XC55-8Q, 03/20.0 

X3*X3 

X4*X4 

X5*X5 


PULPP KAPPA NUMBER 


X(73 =» 44^5li-Oj46l5'Xl-l!S62*X2-l’1.217*X3+0,UO»X4-0,072*p+0|047 
l»Xl»X2+0,290*xi*X3+0,525*Xl*X4-i-0,092*Xl*X5-0,528»X2*X5+0.lli*X2 
2*X4-0.684n2»X5+0,00ln3*X4-0.64§*X3*XS-0.24S*X4*X5 

BURST TMDIEX 

XC83 = 6.582+0,052*Xl-0,043»X2+0,296»X3+0,059*X4+0-103*X5-0.273* 

CX =X(K3 
RETURN 
END 

FUNCTION* 

FUNCTION 


DIMENSION 


GO TO (10,20 
CG = 16,0 
GO TO 80 
CG = 165,0 


:G(X,DA,N,NPAR,K3 i ^ ,, 

:g specifies lower bound of the constraints (Uowfr ^ 
limit of the range of independent pulping variable 
and the oulp properties) 

X(B3 , DAC13 


(8) , D 
, 30 , 40 f 


50,60,70,753 



2(»3 


30 

40 

50 

60 

70 

75 

80 


GO TO 80 
CG s 20,0 
GO TO 80 
CG 3 3,5 
GO TO 80 
CG 3. 60,0 
GO TO 80 
CG 3 35,0 
GO TO 80 
CG = 41.0 
GO TO 80 
CG = 6.80 
CONTINUE 
RETURN 
END 


FUNCTION 

function 


CHCX,DA,N,NPftR,K) 

CH speciSies the upper bound of the constraints ^ 
(Upper limit of the range of independent pulping 
variables and the pulp properties) 


DIMENSION X(8) . DA£1) 

.30.40.50,60,70,75) 


GO TO ao,2{) 
10 CH 3 18,0 

GO TO 80 

20 CH 3 175,0 

GO TO 80 
30 CH 3 30,0 

GO TO 80 
40 CH34,0 

GO TO 80 

50 CH 3 100,0 

GO TO 80 
60 CH 3 55,0 

GO TO 80 
70 CH 3 48,0 

GO TO 80 

80 pMTlSsI^ 

RETURN 

END 

Cl 
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COMPLEX method OF BOX 

^MUtTIVARIBLE^^CONSTRAINTED^ MAXIMIZATION PROGRAM 

This Method is a- sequential search technique for non-lineer 
objective functions and does not require any derivatives, 

DESCRIPTION OF PARAMETERS— 

N NUMBER OF EXPLICIT INDEPENDENT VARIABLES (5) 

M number of sets of CDNSTRAITNTS 

K number of points in the complex (N+l S6) 

ITMAX MAXIMUM NUMBER OF ITERATIONS 

IC NUMBER OF IMPLICIT VARIABLES 

ALPHA REFLECTION FACTOR (1.3) 

BETA CONVERGENCE PARAMETER (0.10) 

GAMMA CONVERGENCE PARAMETER (S) 

DELTA EXPLICIT CONSTRAINT VIOLATION CORRECTION 

IPRINT CODE TO CONTROL PRINTING OF IMT|rMIDIATE ITERATIOMS 

IPRINTsl CAUSES INTERMIDIATE VALUES TO PRINT ON EACH iTpAflON 
IPRINT«0 SUPRESSES PRINTING UNTIL FINAL SOLUTION IS oItAIHId 
X INDEPENDENT VARIABLE. 

R RANDOM NUMBERS BETWEEN 0 AND 1 

F OBJECTIVE FUNCTION ( FUNC ) 

IT ITERATION INDEX ( BOXC ) 

lEVl INDEX DP POINT MINIMUM FUNCTION VALUE (BOXC, CHECK) 

IEV2 INDEX OF POINT WITH MAXIMUM FUNCTION VALUES C BOXC) 

G LOWER CONSTRAINT ( CONST ) 

H UPPER CONSTRAINT { CONST ) 

XC centroid { CNTRD ) 

X PRIMT XNDHIX C SOXC 

KODE KEY USED TO DETERMINE IF IMPLICIT CONSTAINTS ARE PROVIDE 

( BOXC, CHECK ) 

K1 DO LOOP LIMIT ( BOXC ) 


SUBRnUTIWES »> 
SUBROUTINE BOXC 

SUBROUTINE CHECK 


SUBROUTINE CNTRD 
SUBROUTINE FUNC 
SUBROUTINE CONST 


CALLED from THE MAIN PROGRAM COORDINATES ALL 
SPECIAL PURPOSE SUBROUTINES. 

CHECKS ALL POINTS AGAINST EXPLICIT AND 
IMPLICIT CONSTRAINTS AMD APPLIES CORRECTION 
IF VIOLATIONS ARE FOUND, 

CALCULATES THE CENTROID OF POINTS, 

SPECIFIES OBJECTIVE FUNCTION, 

SPECIFIES EXPLOIT AND IMPBlJlT CONSTRAINT 
LIMITS, ORDER EXPLICIT CONSTRAINTS FIRST. 


Main Program for the Complex Method of Box 


DIMENSION X(6,8) , R(6,5) , F(6] 
INTEGER GAMMA 

Readinq input data: 
READ(1,») , N.MrK, ITMAX, IC,IPRINT 
READClI*)! ALPHA , BETA , GAMMA 
DELTA = 0,001 ^ 

REAOCl.*), (X(l.J) , Jsl,N) 

DO 100 11=2, K 

READU,*), (RCII,JJ) , JJ*1,N) 
CONTINUE , , , ^ ^ ^ 

Printing input data: 

PRINT 10 


F(6) , G(8) , H(8) , XCCS) 



10 


f0RMftT(///,7X,'0 PTIMIZATIOH OF -THE KRAFT. P 
2 Vf^ B 0 X* ° ^ ^ ^ S * ,// OMPLEX METHQO 
PRINT 18 

format! ASX,* PARAMETERS ; - ' ) 

IPCIPRINT) 40 , 50 , 40 
PRINT 12 

format!//, 5X. 'RANDOM NUMBERS:-*,/) 

DO 200 Ja2,K 

PRINT 13, CJ,l,RCO,I)|I»lfN) 

SSS!55?.^/'5C5X,^Ac*,Il,*,',fl,*) ^ *,F6.4.2X)) 

CONTINUE 

CALL BOXCCN jM^K,ITMAX, ALPHA, BETA, GAMMA, DELTA, X,R,P, IT, IEV2, 

* * ^Printing optlmiiation results! 

IFCIT-ITMAX) 20 . 20 . 30 
PRINT 14, PCIEV25 

format! // 5X,*MAXIMUH TOTAL PULP YIELD, PERCENT m*,P8,3,/) 

PRINT 15 , 

FORMATC//5X, 'OPTIMUM PROCESS VARIABLE VALUES!-*/) 

PRINT 16, CX(IEV2,I),I»l,i) 

FORMAf!/,5X, jACTIVE ALKALI /PERCENT AS »a20 ON O.D-|ASl§i** 
I,ri2.5//5X,*MAXIMUM COOKING TEMPRAf ORE, DEGREE 5»*F12,5// . 

25X,*SULF|DI|Y, PERCENTS*, Fl2.5//5X,*LIQOTD-Tn-|fOnD RATIO «* 
3,F12.5//5X, *flME-AT-TFMPRATURE,MIN.«* ,F12,S//) 

NK s, 8+1 
PRINT 21 

PRINT 19. CX(IEV2,I) , I »NN,M) 

GO TO 999 

FORMAtI/^/Jx/^THE NUMBER OF ITERATIONS HAS EXCEEDED* ,14, lOX, 

1 'PROGRAM TERMIHATED*/) « ... 

F0RMAT(/,5X, 'BURST INDEX a * ,F10, 4,/, 5X, 'TEAR INDEX s *,F10.4) 
format!/, 5X, 'PULP PROPERTIES (COMSTRAINIS) !-*,/) 

STOP 

END 


SUBROUTINE BOXC(N,M,K, UMAX, ALPHA, BETA, GAMMA, DELTA, X,R,r, IT, 
1IEV2,G,H,XC,IP) 

SUBROUTINE BOXC CALLED FROM MAIN PROGRAM AND COORDINATES 
ALL SPECIAL PURPOSE SUBROUTINES (CHECK, CNTRD,FUNC, CONST) 
ARGUMENT LIST— 

X XI^0E5C 

lEVl • INDEX OF POINT WITH MINIMUM FUNCTION VALUE. 

llv2 s ibEX OF POINT WITH MAXIMUM FUNCTION VALul. 

KODE * CONTROL^kIy’uSED TO DETERMINE IF IMPLICIT CONSTRAINTS 

ARE PROVIDED, 

K1 a DO LOOP LIMIT, 

ALL OTHER PRECISELY DEFiNED IN MAIN PROGRAM, 

DIMENSION X(K,M) , R(K,N) , F(K) , GCK) , HCM) , XCCN) 

INTEGER GAMMA 

ITal 

KODEaO 




IF(M-M) 
KODE si 

20 p 20 f 

10 

20 

CONTINUE 


30 

40 

DO 40 
DO 30 

IIs2,K 

Jsi7^ 


X(II,J) 

CONTINU 

s 0,0 

E 


W 

DO 65 

Calculate 

IIs2,K 

complex 


DO 50 

JsIIn 



50 


51 

52 
t 8 


19 

55 

56 
65 


70 


72 

21 


90 

100 


no 

120 


130 

140 

150 

160 


1*11 

Cftlili CONST(N,M.K,X,Gi.H,I) 
XJII^J)=G(J)+RCII.J)*(H(J)-G(J)) 

K1»II 

CALL CHECKCN,M.K,X,G,H,I»KODE,XC,DeLTA,Kl) 
TFCII“2) 5l^» 51 # 55 
IFCIPRINT) 52 , 65 , 52 

PRINT 18 

FORMATC//,SX, 'COORDINATES OP INITIAL CONPLEXV) 
IDsl 


* %Fl3,6n 


PRINT 19, <ID.J,X(ID,a),J»n») 

Kil' 

Ki*K 

DO 70 l!i;i,K 

CALL FlJNCtif«,K,X,r,I) 

CONTINUE 

KOUNT*l 

IA»0 - . 

Find point vrlth lowest Function value, 
IFCIPRIKT) 72 , 80 , 72 
PRINT 21 

FORMAT(/,5X, 'VALUES OF THE FUNCTION') 

PRINT 22, {J,F(J),J»IjK:) . ,, _ 

format!/, 3(5X, 'h*, 12, n = ',F13.6)) 
lEVlal 

DO 100 ICM»2,K 

IF(F(IEVl)-F(liM)) 100 , 100, 90 
IEV1»ICM 

CONTINUE 

Find point with highest Function value, 

IEV2al 

DO 120 ICMs2,K_ 

IF(FCIEV2)-FCICM)) 110 , 110 , 120 
IEV2aICM 

CONTINUE , i 

Check convergence criteria, 
IF(F(IEV2)-CFCIEV1)+PETA)) 140 , 130 , 130 
KOUNT=l 
GO TO 150 
KOUNT e KDUNT+1 

IF(KOUNT-GAMMA) 150 , 240 , 240^ ^ 

Replace point with lowest Function value, 
CALL pTRD(N,M.K,IEVl,I,XC,X,Kl) 

XCIEVl!jJ)aCl'.0+ALPHA)»CXCCJJ))-ALPHA*(X(IEVl,JJ)) 
CALL CHECK(N,M,K,X, G,H, I, K0D£,XC, DELTA, Kl) 



247 


tio 

180 

190 

200 

210 


220 

221 

222 

230 

23 

24 


25 

26 
228 

240 

C' 




10 


20 

30 

40 

50 

lo 


70 

80 


CALL FUNC(HrM.K,X»F»I) 

Replace new point If repeats as lowest Function value, 

X C# f ™ * 

DO 190 ICMa2,K 

IFCFCIEV2)-FCICM)) 190 , 190 , 180 

IEV2SICM 

CONTINUE 

IF(IEV2-IEV1) 220 , 200 ,220 
DO 210 JJal,N 

X C lEVl J3 a C X ( lEV 1 , J J 5 +XC ( J J 5 ) /2 . 0 
lalEVl ** 

CALL CHECKCN,M,K.X,Ct,H,I,KODE,XC,DELTA,K1) 

CALL FIJNC(N,M.K,X,F,I) 

GO TO 170 

continue 

IF(IPRINT) 221,228,221 

IF(IT-l) 221,230,222 

IFCCIT/10»10) ,NE, IT) GO TO 228 
PRINT 23 IT 

FORMAT(//,5X, 'ITERATION NUMBER', 15) 

PRINT 24 . 

F0RMAT(/,5X, 'COORDINATES OF CORRECTED POINTS') 

PRINT 19, tIEVl,JC,X(IEVl,JC),JC4,») 

PRINT 21 , 

PRINT 22, {I,F(I),IPSI,K) 

PRINT 25 . 

F0RMAT(/,5X, 'COORDINATES OF THE CENTROID*) 

PRINT 26, (JC,|XC(JC),JC=1,N3 , , , 

FORMAT?/, 3(5X,*XCSI2,'C) * *,ri4.6,4X)) 


IFC IT^I 

RETURN 

END 


TMAX) 80 , 80 , 240 


SUBROUTINE CHECK C N,M,K,X,G,H,I, KODE, XC;, DELTA , K1 ) 

SUBROUTINE CHECK CHECKS^ALL^POINTS AGAINST EXPLICIT ■ 
CONSTRAINTS AND APPLIES CORRECTIONS IF f pLAf IONS ARE MP* 
ALL THE ARGUMENTS ARE DEFINED IN THE MAIN PROGRAM AND lOXC.* 


DIMENSION X(6,8) 
KT=0 


G(8) , H(8) , XC(5) 

CALL CDNSTCN,M,K,X,G,H,I). * i 

Check against explicit constraints, 
DO 50 JS1,N 

IFCX(I,J)-GCa)) 20 , 20 , 30 
X(I,a) = G(J>+DELTA 
GO TO 50 

IFCH(J)-XCI,J)) 40 


X(I,J) a H(a) - DELTA 
CQNTINr-^ 


40 , 50 


lUE 


IF(KODE) 110,110,60 j * i 

Check against Implicit constraints. 


NNaN+l 
DO 100 JaNN,M 
CALL, COKSTCN,M,K.X,G,H,I) 
IF(Xa,J)-G(J)) 80 , 70 , 70 
IF(HCJ)-XCI,J)) 80 , 100 , 100 

lEVlal • 





90 

100 

UO 


ff* 

w 


10 

20 


w 


w 


ciEi CNTRDCJI,M,K, 
DO 90 JJsl.N 


KdiOJ) s 
CONTINUE 
CONTINUE 

iF(KT) no 

RETURN 

END 


IEVl,IfXC»X,Kl) 
CXtl,JJ)+XC(JJ))/2*0 


HO HO 


SUBROUTINE CNTRDCN ,M,KHEV1 H #XCH# Kl) • 

CALCULATES THE CENTRROID OF POINTS, 


SUBROUTINE CNTRD — 

DIMENSION X(6,8) , XCC5) 

DO 20 Jsl,N 
XCCJ)=0.0 
DO 10 ILsHKl 
XCCJ) * XC(J5+X(ILH) 

XCCJ) s CXC(M-X(IEV1H))/<RK-1.0) 

RETURN 

END 


SUBROUTINE FUNCCHxNtKiX/rF#!) 

THIS SUBROUTINE SPECIFlp OSJECTIVE^PpCTION ^ 

K R A F T -P UH PINS, 0 f -E U C: A L Y P T 

The ob^ctive is to obtain »ax:laa» palp Field, 

DIMENSION X(6,8) , F(6) . * .w , . 

Changing pulping variables into their coded fores* 
X(i,n-i6*0)/li0 
X(I,25-u5.0)/5.O 
X(I,3)-21.0)/3.0 
d(I,4)-3.6)/0,3 
(X(I,5)-65.0)/15.0 


Xi * 



X11=X1*X1 

X22sX2*X2 

X33=X3»X3 

X44=X4*X4 

X55=X5»X5 


PULP YIELD 







RETURN 
END 


SUBROUTINE C0HST(N,M,K|X,G»HH3 j ^ varinhie* 

This Subroutine specifies sxplicit(independent^|ujjl||^vjrl|b|»s 


and iwplicitCBurst index,Tear index) constratnl 
constraints first in order, 

DIMENSION XC6,8) , G(8) , H(8) 

XI 
X2 
X3 
X4 
X5 
XU 


= [xni2|-i65.o|/ko 

»(Xa|4)-3.&00)/043 

s(XCI#5)-66,00)/15.0 

=Xl*Xl 




X22 «X2*X2 
X33 5X3*X3 
X44 sX4»X4 
X55 sX5*X5 , 5 

Explicit Constraints 

14.0 

18.0 

175 ,0 
15.0 

5,0 

io*o 

ibUcitgConstraints 


«tisi 



3*X5+0, 

RETURK 

EN0 



